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CHAPTER I
INTRODUCTION

1.1

Introduction
The “Dolomite Problem” has perplexed geologists for generations. Dolomite is

common in the rock record, but does not typically form in modern environments. This
“problem” is compounded by the fact that modern seawater is one to two times
supersaturated with respect to dolomite (Warren, 2000), so abundant modern dolomite
would be expected. Moreover, the occasional dolomite that is forming in modern
environments has a different texture and chemistry than mature dolomites, indicating that
environments of dolomite formation have changed over time, or that dolomite progresses
through several stages before arriving at the chemistry and texture of mature dolomites.
Furthermore, dolomite should precipitate at earth surface conditions; however, laboratory
experiments attempting to synthesize dolomite at STP conditions have been unsuccessful.
Understanding the formation mechanism of dolomite has been the focus of many
researchers over the past few decades; however, one single mechanism of dolomite
formation is unlikely; dolomite apparently has many origins. Many models have been
formulated to explain dolomite replacement based on modern dolomite-forming
environments. These models all have three common components: Mg2+ source,
hydraulic drive, and host limestone to dolomitize.
1

This dissertation examines dolomite formation on young carbonate islands of
outcrops containing karst features. This dissertation also introduces a new paradigm for
dolomite formation that accounts for kinetic and thermodynamic barriers of
dolomitization in a mixing and addresses field evidence of karst formation. Chapter 2
examines karstification of unusual voids developed within dolomitized sections of
Miocene chalks on Barbados. These voids show multi-phase development beginning with
hypogene speleogenesis as a result of methane oxidation. Chapter 3 describes the field
evidence for microbial dolomite formation within outcrops of the Seroe Domi Formation
of Curacao. This chapter shows the first field evidence of sulfate reducing bacteria and
other microbial communities involved in nucleation of dolomite precipitates. Chapter 4
examines karst features of several outcrops of the Seroe Domi Formation and relates their
formation to dolomitization using petrographic and geochemical data. Finallly, Chapter 5
introduces the microbial mixing zone model using data from Isla de Mona, Puerto Rico.
Karst features contained within the dolomitized carbonates on Isla de Mona indicate the
relative timing of dolomitization. A brief review of dolomite and island karst will be
presented in the following sections.
1.2

Dolomite over geologic time
The history of dolomite research is complex, and Machel (2004) provides a

detailed overview of that history. However, the dolomite problem is a long-studied
research question that involves: a) the complicated mineral structure and ordering of the
dolomite crystal, b) the fact that modern sea level should precipitate dolomite but does
not, c) the distribution of dolomite is skewed towards older rocks, and d) a single
mechanism/process has not been found to explain dolomite formation.
2

The mineral dolomite is a magnesium-rich carbonate mineral with formula
MgCa(CO3)2 with an idealized ordered structure of alternating layers of Mg2+ – CO32- –
Ca2+ – CO3-2 – Mg2+, etc. True dolomite (stoichiometric) is well ordered with a 50:50
ratio between Mg2+ and Ca2+. Dolomite can also have a poorly ordered structure (also
known as protodolomite; Morrow, 1981) that has Ca2+ substituting for some of the Mg2+
in the Mg2+ layer of the structure. Protodolomite is nearly identical to ideal dolomite
chemically, structurally, visually, and graphically. As a result, protodolomite is easily
mistaken for ideal dolomite. The easiest way to tell proto from ideal dolomite is through
X-ray diffraction analysis and comparing the peak intensities of the mineral fingerprints
(Goldsmith, 1958).
Ordered dolomite is thermodynamically more stable than its precursor
protodolomite or a poorly ordered dolomite (Machel, 2004). Thermodynamically,
dolomite should precipitate from modern seawater; however, kinetic factors, such as
Mg2+ hydration, relatively high ionic strength of seawater, and inhabitation effects of
sulfate ions, prevent formation (Tucker and Wright, 1990).
1.3

Seawater and dolomite
Marine fluids or modified marine fluids are the only fluids with high enough

Mg2+ concentration to be a likely dolomitizing fluid (Land, 1985). One of the key
components of the dolomite problem is the inability to explain the abundance of dolomite
in the rock record. Generally, researchers noted that dolomite was found more abundantly
in older strata than younger strata. One of the ways researchers explained the change in
dolomite abundance over time was to invoke change in chemistry of the dolomitizing
fluid (seawater) over time. Researchers such as Gaines (1980) and Given and Wilkinson
3

(1985) invoked changes to seawater or atmospheric conditions that would increase
dolomite saturation in dolomitizing fluids. Another explanation for the change in
dolomite abundance over time would be that older carbonate rocks have been exposed to
more dolomitization mechanism, with dolomitization being cumulative (Given and
Wilkinson, 1987).
Sibley (1991) invoked textural evidence to demonstrate that periods of high
dolomite formation were not correlated to periods of high dolomite saturation. Sibley
noted that certain textures (such as mimetic and exact, fabric-replacement) tended to be
absent during these periods. Because dolomite was shown to form mimetic textures or
exact fabric-replacement during rapid dolomite formation, Sibley concluded that most
dolomite (lacking these two textures) did not form during periods of high dolomite
saturation. Sibley further suggests that changes in seawater chemistry are not the control
on dolomite formation; instead the length of time the dolomitizing fluid remains in
contact with the carbonate body or sediment and/or the number of times a dolomitizing
fluid moves through a carbonate body are the critical factors.
During periods of relatively stable sea level position (such as “Greenhouse” or
“Icehouse” conditions) sea level fluctuation would not be as frequent as the periods such
as the Pleistocene. During these sea level stable periods, dolomitizing fluids (sea water
derived) are more likely to remain in contact with carbonate sediments for long periods of
time (increasing the residence time of dolomitizing fluids). These extended environments
of dolomite formation may produce large amounts of dolomite (Sibley, 1991). Given and
Wilkinson (1987), and Arvidson et al. (2000) propose that abundant dolomite is

4

associated with “hothouse periods” where sea level is high, continental flooding occurs,
and atmospheric CO2 is elevated.
1.4

Dolomite formation
Two types of dolomite formation are common: replacement of CaCO¬3 by

dolomite (dolomitization) and precipitation of dolomite from aqueous solution as cement
(dolomite cementation) in primary or secondary pores (Machel, 2004). The term
dolomitization should not be applied to dolomite cementation. Dolomite has been shown
to form through one other, less common process of direct precipitation from aqueous
solution forming primary dolomite.
Primary precipitate dolomite forms as:
Ca2++ Mg2++ 2CO32- → CaMg(CO3)

(1.1)

while replacement dolomite follows:
CaCO3 + Mg2+ → CaMg(CO3)2 + Ca2+

(1.2)

Machel and Montjoy (1986) suggest that a better expression for replacement
dolomite is:
(2-x) CaCO3 + Mg2+ + x CO32- → CaMg(CO3)2 + (1-x) Ca2+.

(1.3)

Dolomite formation can be related to timing: 1) primary (direct) dolomite
precipitation, 2) penecontemporaneous (syndepositional) dolomite, and 3) replacement
dolomitization. The timing of these processes is an important factor in the type of
dolomite formed. Penecontemporaneous (syndepositional) dolomites form when the
carbonate environment or limestone resides in its original environment. Syndepositional
5

dolomites can either be primary (formed in lagoons, tidal flats, or other carbonate
environments encouraging primary precipitation) or replacement (forming via the
alteration of limestone in its original depositional environment. These dolomites are
commonly termed early diagenetic (Machel 2004). Post-depositional environments form
replacement dolomites through a number (or combination) of mechanisms including:
progradation of the sedimentary surface, burial and subsidence, uplift and emergence, and
eustatic sea-level fluctuations (Machel 2004). These dolomites are commonly termed late
diagenetic. Other dolomites such as those that form during the interaction of
hydrocarbons and associated brines with depth are typically labeled as late diagenetic;
however, it has been shown that dolomitization due to interaction with cold-seep methane
on Barbados occurs in a diagnetically immature carbonate rock (Machel and Montjoy,
1994; Machel et al., 2010). Dolomites termed “hydrothermal” dolomite are a type of late
diagenetic dolomite that generally form during the interaction of dolomitizing fluids and
carbonates at elevated temperatures, especially during advection of a Mg-rich fluid such
as a brine.
A common view is that primary dolomite precipitation is rare, only forming in
certain lacustrine and lagoonal environments and most of the ancient dolomite is
secondary dolomite (Tucker and Wright, 1990; Vasconcelos and McKenzie, 1997;
Machel, 2004).
1.5

Formation models
There have been many models of dolomite formation proposed (see Machel, 2004

and Tucker and Wright, 1990 for a complete review); however, this project will only
address the models that may be applicable for Cenozoic carbonate islands. These include
6

tidal pumping, seepage reflux, differential sea-surface elevation, brine reflux, mixing
zone (Dorag), and thermal convection (Budd, 1997). Due to the age of island carbonates,
the diagenetic immaturity compared to continental carbonates, and the isolated carbonate
platform on which most carbonate islands rest, many of the post-depositional, late
diagenetic models can be ignored for the formation of the dolomites in question.
For all dolomite models several factors are essential for dolomite formation: a)
sufficient supply of Mg2+ and CO32- ions, b) a system with an efficient mass transport
system and c) carbonates to be replaced (syndepositional or limestone replacement).
Another factor that has been proposed as a major contributor/inhibitor to dolomite
formation is the presence of sulfate and the role of microbes (Tucker and Wright, 1990;
Vasconcelos and McKenzie, 1997). It has been suggested that sulfate-reducing bacteria
play an important role in dolomite formation (Vasconcelos et al., 1995; Wright, 1999;
van Lith et al., 2002; van Lith et al., 2003b; Wacey et al., 2007).
The tidal pumping and differential sea-surface elevation models are driven by
differences in hydraulic head; brine reflux and seepage reflux models are driven by
density differences of evaporative-concentrated seawater; mixing zone model is driven by
chemistry effects caused by diluting seawater; and thermal convection is driven by
temperature differences of waters within the carbonate platform from seawater slightly
outside the platform.
Seepage-reflux dolomitization was first proposed by Adams and Rhodes (1960) to
account for dolomitization of the Permian reef complex of west Texas. In general,
seawater is fed to a lagoon or lake separated from the sea by a barrier. The dolomitization
fluid, formed through evaporation and precipitation of calcium sulfate, descends because
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of density differences through underlying carbonates to dolomitize them. Some of the
major distinguishing geochemical characteristics of seepage-reflux dolomite are:
enrichment in trace elements, and enrichment of 18O.
Mixing zone dolomitization is based on the concept that it is easier to precipitate
dolomite from a dilute seawater solution having a high Mg/Ca ratio, while reducing some
of the kinetic obstacles due to the high ionic strength of seawater (Tucker and Wright,
1990). Two key factors of this model are that seawater is the Mg-source and groundwater
movement is the driving hydrologic factor of dolomitization. This model has received
criticism over the past 25 years (Machel and Montjoy, 1986; Tucker and Wright, 1990;
Machel, 2004). Major doubts about this model focus on the lack of dolomite precipitation
in modern mixing zone environments. The most famous example of mixing zone
dolomitization is the Hope Gate Formation of Jamaica supplied by Land (1973). Here,
dolomite replaces micrite and red algae (high Mg-calcite) grains with textural retention
and dolomite cement in voids.
The lack of dolomitization during the Pleistocene may be a result of glacioeustasy
creating shorter residence times of geochemical environments capable of forming
dolomite, compared to the Miocene, which is rich in massive dolomite bodies and had a
more stable, longer residence sea level.
Seawater (or slightly modified seawater) is a common dolomitization fluid for the
models above. Machel (2004) refers to “seawater dolomitization” as a group of models
sharing seawater as the dolomitization fluid differing in hydrology, depth, and/or timing
of dolomitzation. Seawater dolomitization (referred to in Table 2 as differential seasurface elevation, tidal pumping, and thermal convection) describes dolomitization that
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occurs as seawater is pumped through a carbonate platform. Land (1985) suggested that
seawater, with little modification, should dolomitize carbonates if there is an efficient
mechanism for pumping seawater through a carbonate platform.
The most common mechanism for pumping seawater through a carbonate
platform is the result of horizontal density gradients between cold marine waters adjacent
to a platform and geothermally-heated waters within the platform, named Kohout
convection; referred to as thermal convection (from Kohout, 1967, in Tucker and Wright,
1990). It has also been noted that below the calcite compensation depth seawater should
still be supersaturated with respect to dolomite (Tucker and Wright, 1990).
Other models not presented include: burial dolomitization, hydrothermal
dolomitization, methanogenic dolomitization, and direct precipitation. A general
overview of each will be sufficient to introduce the mechanism; however, these models
are dependent upon local geologic environments and do not result in massive dolomite
bodies, especially on island settings.
In general, burial dolomitization occurs when basinal noncarbonates are buried
adjacent to a carbonate platform. The dolomitizing fluids are produced from compaction
and dewatering of basinal mudrocks and expulsion of Mg-rich fluids into adjacent
carbonates (Tucker and Wright, 1990). There are many ways to create dolomite when
carbonates undergo diagenesis during burial (See Machel and Montjoy, 1986; and
Machel, 2004 for a complete review); however, most of the Cenozoic islands that will be
investigated during this project have not been subjected to deep burial.
Hydrothermal dolomite (also known as geothermal and hydrofrigid) is formed at
generally elevated temperatures (see Machel and Lonnee, 2002 for a complete
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definition). The dolomitizing fluid must be heated to a temperature significantly higher
than the surrounding country rock to be considered hydrothermal. If a mineral was
formed at or near the same temperature as the surrounding rocks (within 5 –10 °C), it
should be called geothermal, and if a mineral formed at temperatures significantly lower
than ambient (by >5 –10 °C) may be called “hydrofrigid”, even if they formed at a rather
high temperature (Machel and Lonnee, 2002). In general, temperatures of formation will
be evaluated on an island-by-island case, and the mechanism of formation will follow the
thermal convection model.
Methanogenic dolomite forms as a fluid rich in methane migrates along faults and
other permeable pathways interacting with carbonates. Oxidation of methane provides the
energy required for sulfate reduction, removing the sulfate inhibitor to dolomitization.
These dolomites typically have highly depleted δ13C values (-10 to -40‰) of typical
hydrocarbons and oxygen isotopic values from an oxidizing water source (enriched 18O)
(Jørgensen, 1989; Machel and Burton, 1994; Moore et al., 2004;
The final model is microbial direct precipitation. Direct precipitation of dolomite
is not considered dolomitization; however, it still may be an important mechanism, of
dolomite formation in island settings. Direct precipitation is most commonly related to
microbial processes, such as sulfate reduction, in laboratory experiments (e.g Warthmann
et al., 2000). Recent laboratory experiments have shown that microbes are able to
overcome kinetic barriers to facilitate precipitation of dolomite (Vasconcelos et al., 1995;
Warthmann et al., 2000; Roberts et al., 2004; Wright and Wacey, 2005; Sánchez-Román,
2006; Sánchez-Román et al., 2008). Several studies have proposed bacterial mediation
for the formation of Ca-dolomite or high Mg-calcite in microbial mats (Vasconcelos et
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al., 1995; van Lith et al., 2003a; Visscher and Stolz, 2005; Wright and Wacey, 2005).
Nucleation around bacterial cells within EPS in modern dolomitic stromatolites has been
attributed to the mineralization process of sulfate-reducing bacteria (van Lith et al.,
2003b).
Because sulfate is thought to act as a kinetic inhibitor to dolomite formation in
certain situations (see next section), it has been proposed that removal of sulfate will
allow dolomite precipitation. This can be accomplished by two mechanisms.
1. Evaporative dolomites (primary precipitation) form as sulfate is removed
from solution via precipitation of calcium sulfate (gypsum). Gypsum
precipitation removes the sulfate inhibitor while simultaneously increasing
Mg/Ca ratios.
2. Microbial mediation in lagoonal environments through sulfate-reduction
removes the sulfate inhibitor allowing dolomite precipitation.
1.6

Sulfate as a kinetic inhibitor to dolomite formation
The role of sulfate as a kinetic inhibitor to dolomitization was first discussed

during the hydrothermal-experimental study by Baker and Kastner (1981). This study
suggested that dissolved sulfate inhibits the formation of dolomite and the rate of
dolomite formation increases as sulfate concentrations are lowered. A relatively new
model shows that there is a positive correlation between bacterial sulfate reduction and
dolomitization, thus claiming that sulfate reduction is necessary for dolomite formation
(Machel, 2004). However, Morrow and Rickets (1986) and Morrow and Abercrombie
(1994) have shown that the concentration of dissolved sulfate does not influence the rate
of dolomite formation at low temperatures (<80°C). These studies also showed that
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dissolved sulfate does appear to reduce dolomite formation at high temperatures (100200°C), but only indirectly due to the inverse relationship between calcite dissolution
rates and sulfate concentration (Machel, 2004).
Brady et al. (1996) suggested one path for dolomite growth is through the
adsorption of Mg-sulfate complexes. This mechanism provides an explanation for
dolomite formation in sulfate-rich solutions, and suggests that sulfate promotes
dolomitization. For sulfate-poor solutions, Brady et al.’s (1996) results support those of
Baker and Kastner (1981).
The exact degree of sulfate’s role in dolomite formation depends on the
environment of formation. There are cases where there is little doubt that sulfate
reduction enhances, possibly even triggering, dolomitization. These include pelagic
environments and lacustrine settings that are rich in organic matter, as suggested by the
formation of dolomite with negative carbonate isotope ratios (Mazzullo, 2000).
According to Machel (2004), the generalization that low sulfate concentrations and/or
bacterial sulfate reduction always enhance or trigger dolomite formation is unjustified.
Machel (2004) provides three lines of evidence for this argument: 1) gypsum and
anhydrite appear to be common by-products of dolomitization from seawater, 2) ancient
examples show that dolomitzation can happen in or from seawater evaporated between
normal salinity and gypsum saturation (Qing et al., 2001; Melim and Scholle, 2002), and
3) there are many modern evaporitic environments rich in dissolved sulfate that form
dolomite (Friedman, 1980; Brady et al., 1996).
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1.7

Mixing zone dolomitization
Mixing zone dolomite (also called Dorag dolomite; see Badiozamani, 1973) is a

dolomitization model that explains dolomite formation with the lack of evaporite
minerals. Dolomite associated with evaporite minerals is usually related to reflux
dolomitization or other evaporative seawater models. The Borag model is appealing
because dolomitization theoretically should occur when mixing a solution of 10 percent
seawater to 90 percent freshwater up to a solution that is comprised of 50 percent
seawater to 50 percent freshwater. Waters in mixing zones within these salinity ranges
are thermodynamically supersaturated with respect to dolomite; however, these waters
also tend to be supersaturated in calcite and aragonite (Machel, 2004). The high Mg/Ca
ratio of seawater is maintained through mixing, and some of the kinetic barriers due to
the high ionic strength of seawater are removed (Folk and Land, 1975). A small range of
salinities exists where waters are supersaturated with respect to dolomite and undersaturated with respect to calcite and aragonite. In this range, calcite (and aragonite) is
soluble and, given a long enough residence time, dolomite replacement should occur. The
resulting mixing zone dolomitzation should produce a narrow band of replacive
dolomitzation.
The Dorag (mixing zone) model has fallen out of favor over the past 20 years.
According to Hardie (1987) the Dorag model has several serious weaknesses:
1. The original model is based on calculations for ordered dolomite instead
of the geologically “more realistic” disordered dolomite. This would result
in a smaller range in the freshwater-seawater mixtures than shown in the
model.
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2. Modern (short residence time) coastal mixing zones in limestone and
calcareous sediments do not have replacement dolomite.
3. In a number of mixing zone dolomite interpretations, dolomite
precipitation occurs without dissolution of the calcite substrate, thus
“negating the fundamental premise of the Dorag model” (Hardie, 1987).
In addition to these weaknesses discussed by Hardie, isotope and trace-element
data used as evidence are inadmissible because:
1. isotopic fractionation factors for dolomite remain unresolved.
2. isotope values (uncorrected for temperature) for a host of dolomites,
interpreted to be of different origins, overlap.
3. nonisomorphous trace elements, such as Na, in dolomite cannot, on
theoretical grounds, be relied on to identify dolomitizing fluids (Hardie,
1987).
Machel and Burton (1994) demonstrated that the Golden Grove dolomite on
Barbados (originally interpreted as mixing zone) was actually replacive dolomite derived
from seawater modified during oxidation of methane. Other evidence against mixing
zone dolomitization are cores from Florida and the Bahamas in mixing zone
environments lack dolomite (possibly due to short residence times), and diagenesis is
actually driven by differences in solubility between aragonite and calcite continuous
across the mixing zone (Melim et al., 2004).
Luczai (2006) shows that the evidence used in the original Dorag model by
Badiozamani (1973) was interpreted incorrectly. Hydrothermal overprinting influenced
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the dolomite, and this overprinting would have removed any signature of low temperature
dolomitization, if it ever existed.
These examples show that mixing zone dolomitization is appealing because of the
relatively simple mechanism; however, evidence by Hardie (1987), Machel and Burton
(1994), Land (1998), Melim et al. (2004), and Luczai (2006) show that these
interpretations are incorrect for the geologic setting. When dealing with any
interpretation, especially when it comes to dolomite formation, it is important to know
the assumptions of that interpretation.
1.8

Diagenetically immature: Island dolomite
Dolomite on young carbonate islands allows constraints to be placed on the time,

spatial conditions, and mechanism for dolomite formation. Also, temperature of dolomite
formation is constrained to a very narrow range of near surface values. Island dolomites
(especially young dolomites) have not been exposed to major burial (and other late)
diagenesis resulting in a lack of overprinting of chemistry and texture of the original
dolomite. This, coupled with the young age of island dolomites, allows high precision
dating of the dolomite, host carbonate, and dolomitization event to be performed (Budd,
1997).
1.8.1

Island dolomite texture and cements
Dolomite fabrics have been classified by Sibley and Greg (1987) as planar and

non-planar. Sibley and Gregg (1987) further divide the replacement fabrics based on
crystal size distributions and by degree of preservation of preexisting fabrics into mimic
and non-mimic.
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With few exceptions, replacive island dolomites are more abundant than dolomite
cementation (Budd, 1997). These replacive island dolomites have three textures: mimetic,
non-mimetic/texture preserving, and non-mimetic/texture destroying. Most island
dolomites exhibit the first two textures (Budd, 1997).
Dolomites exhibiting mimetic texture preserve the texture, fabric, and crystalline
orientation of the precursor stage. In thin section, the grains and rock look identical to the
precursor carbonates, and dolomitization can only be detected by staining or X-ray
analysis (Budd, 1997). Mimetic texture is preferentially found in high-Mg precursors, it
will not form if the precursor has already stabilized to low-Mg calcite (Sibley, 1982,
1991). Among high-Mg grain types, red algae are the most likely to be altered in this
manner, and in fact, mimetically dolomitized red algal grains can be found in almost all
island dolomites (Budd, 1997). Echinoderms, also high-Mg, are the next most likely to be
mimetically altered, followed by foraminifera and finally, less stable (compared to
calcite) aragonitic grains (Budd, 1997; Scholle and Scholle, 2003).
Non-mimetic, texture-preserving dolomite is common on almost all islands that
have dolomite (Budd, 1997). This type of replacive dolomite preserves the external
shapes of the precursor grains and the depositional fabric of the host rock, but not the
internal structures of individual grains. Most authors have concluded that this texture,
when pervasive, indicates that the precursor either did not experience any meteoric
alteration, or if it did, then the alteration did not completely transform the depositional
mineralogies to 100% low-Mg calcite (Budd, 1997 and references therein).
Non-mimetic, texture-destroying dolomites preserves little, if any, textural or
fabric information of the precursor grains or depositional fabric. Only a few features such
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as moldic porosity or replaced fossil may be recognizable. This texture is the least
abundant of the three main types found on carbonate islands. It occurs in association with
texture-preserving dolomites of the Bahamas, Bonaire, and Curacao (Budd, 1997).
Some dolomite cements that are optically clear, less than 100 microns in size, and
indicate that they have precipitated from relatively dilute pore waters are referred to as
limpid dolomite (Folk and Land, 1975; Ward and Halley, 1984; Gonzalez et al., 1997;
Scholle and Scholle, 2003). True dolomite cements are often difficult to differentiate
from replacement dolomites, except through the use of cathodoluminescence microscopy
(Scholle and Scholle, 2003).
1.9

Diagenetically immature to intermediate maturity
Many of the same textures of island dolomites can be seen in coastal dolomites.

Examples of coastal dolomites can be found from the Yucatan (e.g. Ward and Halley,
1984), Florida (e.g. Taft, 1961;Atwood and Bubb, 1970; Carballo et al., 1987; Compton
et al., 1994), Australia (e.g. Alderman, 1957; Rosen et al., 1989; Wright, 1999), and other
coastal settings where the mechanism for dolomite formation exists (e.g. Patterson, 1982;
McKenzie, 1981). Two of the main differences between island dolomitization models and
coastal dolomitization models are potential in the latter for burial (shallow to intermediate
depth) and migration of fluids from continental settings that may be connected
hydrologically.
A complete review of shallow-burial dolomite cementation can be found by
Choquette and Hiatt (2008). These limpid, planar-faced, cathodoluminescent, zoned
dolomite cements were reported to comprise approximately 11% to 76% of certain
carbonate rocks from the Edwards aquifer (central Texas), Hawthorn Group (Florida),
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Avon Park Formation in the Upper Floridan aquifer (Florida), the Burlington-Keokuk
Formation (south-east Iowa), and the Gambier Limestone (South Australia).
1.10 Diagenetically mature: Continental dolomite
Continental dolomite will refer to dolomites that form from intermediate to late
diagenetic processes such as burial (especially intermediate and deep burial), interactions
with hydrocarbons and associated brines, and other processes related to large-scale
(temporal and spatial) processes found within continental settings. Studies of burial
dolomites from Western Canada have been summarized by Mountjoy and Amthor
(1994).
Saddle (baroque) dolomite is typically associated with compaction due to burial
and thermochemical sulfate reduction at elevated temperatures (Machel, 1987). Saddle
dolomite has a warped crystalline matrix, relatively cloudy appearance due to fluid and
mineral inclusions, and undulose extinction (Scholle and Scholle, 2003). Most saddle
dolomites are associated with elevated temperatures (Radke and Mathis, 1980; Gregg,
1983; Machel, 1987); however, Machel and Lonnee (2002) define three ways saddle
dolomites can form: 1) Advection (fluid transport) of Mg-rich solutions, 2) Local
redistribution of older dolomite during styolite formation, and 3) By-product of
thermochemical sulfate reduction in a closed (or semi-closed) system. Only the first and
third of these have the chance of being related to elevated temperatures.
1.11 Dolomite porosity development
One of the reasons that the petroleum industry has been so interested in the
dolomite is the claim that most dolomites are more porous and more permeable than
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limestone (Machel, 2004). Porosity in dolomite can form via three main processes: 1)
preservation of voids from precursor limestone, 2) porosity development during
dolomitization, and 3) dolomite karstification. Macroscopic porosity developed before
dolomitization forms vugs or moulds in a limestone, and these voids tend to remain open
during the dolomitization process (Machel, 2004).
Porosity in dolomite has long been thought to occur due to the volume loss of
13% as “molecular replacement” (called “mole-per-mole” replacement) of a limestone
occurs (Machel, 2004). Machel (2004) lists six processes that appear to be responsible for
porosity and permeability distribution and evolution in dolomites: 1) mole-per-mole
replacement; 2) dissolution of unreplaced calcite; 3) dissolution of dolomite (without
externally controlled acidification); 4) acidification of pore waters; 5) fluid mixing; and
6) thermochemical sulfate reduction, which may generate porosity under certain
circumstances.
Equations 1-3 listed the basic reactions of dolomitization (Equation 1 as primary
precipitate and equation 2 as mole-per-mole replacement). During mole-per-mole
replacement, 2 moles of calcite are replaced by 1 mole of dolomite. If, for example, a
limestone has an original porosity of 40%, mole-per-mole replacement will generate a
dolomite with 45% porosity (Machel, 2004). Porosity gains or losses can be represented
by values of x in equation 3. Volume-per-volume replacement is represented by the
special case where x=0.11 and x=0.25(for aragonite and calcite, respectively), when there
is no volume loss or gain (Machel, 2004). It appears that an interplay of the degree of
evaporation and flow rate determines the relative saturation states of dolomite to calcite
and aragonite through space and time (Machel, 2004). This also controls the rates of
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calcite/aragonite dissolution relative to dolomitization, and where and when
macrodissolution of aragonite/calcite (forming molds and vugs) happens along the flow
path of the dolomitizing fluid (Machel, 2004).
Dissolution of unreplaced calcite has the potential of generating much more than
the theoretical maximum of 13% porosity in the mole-per-mole replacement process.
Machel (2004) named a few generalizations about the textures developed from the two
types of replacements listed above. In cases of mole-per-mole replacement, fabrics of the
original host rock must be at least partially obliterated to account for the volume change
during the replacement process. Limestones dolomitized during the volume-per-volume
replacement should not contain secondary intercrystal pores or dolomite cements, and the
primary textures may be partially or largely, even mimetically, preserved (Machel, 2004).
1.12 Dolomite karstification
In order for a dolomite to contain karst features, one of two things must occur:
preservation of a preexisting void in the host limestone or dolomite dissolution. Dolomite
in the Paleozoic Appalachian carbonates tends to exhibit substantially less karst
development than limestone (Rauch and White, 1970). This contrast arises from the
substantially different rates of dissolution of calcite and dolomite, and it can be suggested
that similar lithological controls may operate on carbonate islands. The Miocene
carbonates of Isla de Mona were investigated by Martinez and White (1999) in order to
determine the dissolution rates of Lirio Limestone and Isla de Mona Dolomite.
Dissolution rates of the limestone were higher than the dolomite. The rock dolomite
dissolution rates were higher on the Isla de Mona dolomite than rates measured on
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Paleozoic dolomites due to calcite being interspersed within the Isla de Mona mineral
dolomite samples examined by Martinez and White (1999).
1.13 Dedolomitizaiton
Dedolomitization was defined by Evamy (1967) as the reverse process of
dolomitization brought about by solutions with high Ca2+/Mg2+ ratio reacting with
dolomite to form calcium carbonate. Fairbridge (1978) redefined dedolomitization as any
alteration of dolomite. The accepted definition of dedolomitization includes dissolution
and/or calcitization of dolomite (Scholle and Scholle, 2003). In order for calcitization of
dolomite to occur, the Ca/Mg ratio must be increased as described by Evamy (1967). The
ratio of Ca/Mg is greatly increased due to dissolution of gypsum and anhydrite, which
also increases the concentration of sulfate in pore fluids (Scholle and Scholle, 2003).
1.14 Mixing zone dissolution of carbonates
A major dissolutional environment on carbonate islands is the mixing zone
between freshwater in the freshwater lens and seawater adjacent to the lens. Because
seawater is approximately 1/40th denser than freshwater, islands with porous material
develop a freshwater lens floating on underlying marine groundwater. Calcite and
aragonite dissolution occur at the mixing zones located at the top, margin, and bottom of
lens. Mixing of seawater and freshwater enhance dissolution at the margin and bottom of
the lens because mixing two saturated waters (saturated at different initial conditions)
results in a solution that is chemically aggressive with respect to carbonate dissolution.
At the margin of the lens, dissolution is greatest due to three factors: 1)
convergence of the meteoric-lens and seawater-lens mixing zones occur, 2) discharge is
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increased as the cross sectional area of the lens decreases, and 3) organics that collect at
density contrasts (top and bottom of lens) are oxidized forming chemically aggressive
waters which again superimpose at the lens margin. This zone of enhanced dissolution
occurs at the flank of the enclosing landmass at the distal margin of the freshwater lens.
The resulting caves formed in this enhanced dissolutional zone are thus called flank
margin caves (Mylroie and Carew, 1990).
When extending the mixing zone dissolutional model to dolomites, Machel and
Burton (1994) showed that on Barbados dolomite would be expected to precipitate from
mixing meteoric waters with >10% seawater. Therefore, typical dissolution resulting in
void formation by mixing zone dissolution in limestone (resulting in flank margin caves)
should not result in similar void formation in dolomites within typical mixing zone
conditions. Dolomite containing flank margin caves should theoretically represent
dissolutional voids formed in the precursor limestone. The spatial and temporal
relationship between the zone of enhanced dissolution forming flank margin caves and
the zone of dolomitization in carbonate island aquifers will be examined in this
dissertation.
1.15 Carbonate island karst model
It is important to understand how carbonate rocks were deposited on islands, the
influence of glacioeustacy and tectonics, and early diagenetic processes acting in the
freshwater lens and mixing zones in order to understand the diageneic history of dolomite
on these islands.
Originally, Mylroie and Jenson (2000) developed the carbonate island karst model
(CIKM) as a descriptive model for karst on small carbonate islands. This build on work
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originally from the Bahamas and Bermuda (Mylroie and Carew, 1990; Mylroie and
Carew, 1995; and Mylroie et al., 1995a), and later was extended to Isla de Mona (Mylroie
et al.,1995b) and Guam (Mylroie and Jenson, 2000; Mylroie and Jenson, 2001). This
produced a three-category model based on the complexity of geology and influence of
tectonic uplift on island. The three categories of the model were Simple Carbonate Island,
Carbonate-Cover Island, and Composite Island. A fourth category, Complex Island, was
added by Jenson et al. (2006), based on work on Saipan. The islands of study for this
work will be placed into the framework of the CIKM.
Generally, carbonates on islands are diagenetically immature, or eogenetic
(Chouqutte and Pray, 1970) compared to older carbonates on continental settings. This,
coupled with the unique mixing zone conditions of island and coastal settings, produces a
unique type of karst referred to as “Island Karst” (Vacher and Mylroie (2002). The CIKM
defines the interaction of groundwater (both saline and freshwater) with young carbonate
rocks producing eogenetic karst. Island karst, as opposed to karst on islands, is drastically
different from karst development found on continental interiors and interiors of large
islands (Vacher and Mylroie, 2002).
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CHAPTER II
UNUSUAL POLYGENETIC VOID AND CAVE DEVELOPMEN IN THE MIOCENE
CHALKS ON BARBADOS, WEST INDIES

2.1

About this chapter
This chapter is a journal article that has been submitted for review in August 2012

to the Journal of Sedimentary Research. The authors are Jonathan B. Sumrall, Hans G.
Machel, and John E. Mylroie.
2.2

Abstract
Outcrop data from Barbados provide an excellent example of localized, episodic

void formation through and around a pervasive fracture network in partially dolomitized
Miocene chalk. At first the fractures provided pathways for ascending hypogene fluids
that were at times undersaturated for calcite and dolomite, forming relatively small voids.
At other times the ascending fluids were supersaturated for these minerals or achieved
supersaturation during their passage, and they carried methane and/or carbon dioxide
generated at depth from kerogen maturation, as shown by distinctive carbon isotope
values of both carbonate minerals. During continued uplift the chalk was subserially
exposed, giving rise to the development of a freshwater-mixing zone that was contained
almost entirely within the fracture network and pervasively in the overlying Pleistocene
carbonates. Mixing zone dissolution then enlarged some of the pre-existing dissolutional
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voids into small caves forming an unsual type of flank margin cave. Some of these caves
were overprinted by mechanical and biological erosion and now are sea caves in the
current intertidal zone. In addition, there are a few small sea caves in the current intertidal
zone that may not have had a hypogene genetic component. If all these voids and caves
were buried and accessible only by subsurface exploration, either through caving,
seismic, well log or core, their complex polygenetic origin probably would be
undecipherable and would go undetected.
2.3

Introduction
Barbados is an uplifted carbonate island located on a forearc bulge, formed on the

crest of an accretionary prism, about 125 km east of the Lesser Antilles volcanic island
arc (Figure 2.1). The island is approximately 23 x 32 km, with 432 km2 of area.
Glacioeustasy, combined with episodic tectonic uplift, have created a series of limestone
terraces fronted by cliffs (e.g. Humphrey, 1997).
The oldest strata of the island are Eocene, tectonically deformed deep-sea clastics
of the Scotland Formation, draped over by flat-lying Miocene chalk and marl of the
Oceanics Group, which are overlain by as series of Pleistocene carbonate terraces that are
pervasively karstified (e.g., Speed 1990; Taylor and Mann, 1991; Machel 1999; Jones
and Banner 2003). The island conforms to the Carbonate Island Karst Model (CIKM)
classification of a composite island (Mylroie and Mylroie, 2007). The clastics are
exposed in the Scotland District (Figure 2), and stream caves have developed in the
Upper Coral Reef Terrace. The most conspicuous surface and near-surface postdepositional attributes of the Pleistocene carbonates are karst features, which include
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several dozen deeply incised gullies (dry valleys), abundant sinkholes, and caves of
various sizes and origin (Day, 1983; Machel, 1999; Machel, 2011; Machel et al., 2012).
Karstification and karst features fall into two genetic groups: epigenic (also called
epigenetic or epigene), whereby dissolution is coupled to surface water; and hypogenic
(also called hypogenetic or hypogene), whereby dissolution is decoupled from surface
processes. According to Palmer (2000), hypogenic caves are the product of water in
which the aggressiveness has been produced at depth beneath the surface, independent of
surface or soil CO2 or other near-surface acid sources.
In December 2009, our first field season documented a hitherto unknown series of
small caves in an outcrop of partially dolomitized chalk at Cove Bay West (Figures 2 and
3). The spatial proximity of dolomite and cave suggested a genetic relationship between
dolomitization and dissolution, however tenuous. In December 2011, further fieldwork
attempted to figure out whether there was such a genetic relationship, and we expanded
to other outcrops of chalk in search for similar diagenetic alterations. To this end, four
additional sites were sampled for petrographic and geochemical analyses: Gent’s Bay,
Corben’s Bay, Conset Bay, and Pico Teneriffe (Figure 2). We discovered more dolomite
at one other outcrop, Gent’s Bay, branching fractures in all chalk outcrops, as well as
small-scale voids from chemical dissolution along some of the fractures. These findings
complement fractures cemented with bitumen in chalk at Corben’s Bay, which is an
active oil seep and had been documented previously (e.g., Machel 1999).
The main objective of this study is to determine the relationship of void
formation and dolomitization within the chalk. Pervasive dolomitization and
karstification both require relatively high matrix permeabilities, thus the co-occurrence of
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dolomite and caves raises questions in light of the low matrix permeability of chalk.
However, dolomitization will be discussed in this paper only to the extent necessary to
properly interpret void and cave formation. Another paper will deal specifically with
dolomitization, its fluid source(s), timing, and temperature.
Dolomitzed chalks are rare and relatively small in extent. Wolfe (1970) reported
dolomite locally in the Senonian chalks of Northern Ireland derived from modified
seawater. Jorgensen (1983) reported dolomite cements in chalks from the North Sea
Central Graben. Dolomitization of Late Cretaceous chalk in the southeastern Paris Basin
was attributed to seawater entering the chalk as groundwater in depression areas (Thiry et
al. 2003). On Barbados, preliminary data from Cove Bay showed that dolomite in the
Miocene chalk is fine-crystalline and replacive, as highly variable and negative δ 13C
values as low as -25 ‰ PDB, and δ18O values of +6 to +8 ‰ PDB, suggesting formation
in cold seep environments from methane-bearing fluids (Machel, 2011; Machel et al.,
2012).
2.4

Geologic framework
The ‘basement’ of Barbados is a structurally complex accretionary prism complex

composed of terrigenous turbidites and gravity-flow deposits interbedded with
hemipelagic and pelagic radiolarites of Eocene age (Speed, 1990). The Scotland
Sandstone, which is part of this sequence, hosts hydrocarbons that sustain a small local
oil industry. The largest oil field is in the southern part of the island, where dozens of
small fault-bounded traps have been drilled at depths of about 1,000-2,000 m. Oil and gas
extrude in a number of natural seeps that have been known for a long time (e.g., JukesBrown and Harrison 1891).
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Tectonic diapirs consisting of a mélange of organic mud matrix intrude these
units. Emplacement of these diapirs likely continues today and is possibly responsible for
the elevation of Barbados above the rest of the accretionary prism (Speed, 1990).
Throughout most of the Neogene, Barbados has experienced tectonic uplift at rates
averaging approximately 0.3 to 0.4 m ky-1 (Speed, 1990).
The deformed clastics were draped over by up an up to 50m thick layer of
Miocene chalks and marls, called the Oceanics Group, which are nearly flat-lying and
form a regional aquitard today (Senn 1946). In a few locations these sediments are
missing or breached by fractures, giving rise to the aforementioned natural oil seeps.
The Oceanics Group is overlain by a series of Pleistocene carbonate terraces
fronted by cliffs. These cliffs were formed by an interplay of glacioeustasy, episodic
tectonic uplift, and erosion. The three major terraces, which consist of multiple smallerscale terraces and sedimentary parasequences, are the Upper Coral Rock terrace, Middle
Coral Rock terrace, and Lower Coral Rock terrace (Figure 2.2). The ages of these
terraces are approximately 800 - 500ka, 490-125-ka, and 120-60ka, respectively
(Humphrey, 1997; Machel 1999, 2011; Schellmann and Radtke 2004), and they cover
about 85% of the island. Faults and gentle folds distort the terraces. Additional
information about the geotectonic and sedimentologic evolution of the island can be
found in Jukes-Browne and Harrison (1891), Speed (1983, 1990, 2002), Torrini and
Speed (1985), Humphrey (1997), Machel (1999, 2011), Schellmann and Radtke (2004);
and Machel et al. (2012).
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2.5

Methods
Fieldwork toward this study was conducted in December 2009 and December

2011. A total of fifty samples were taken from the Miocene chalk at Cove Bay, Gent’s
Bay, Pico Teneriffe, Conset Bay, and Corben’s Bay (Figure 2.2). Bulk samples ranged
from a few grams to about 1 kg in weight and were collected for petrographic and
geochemical analyses from outcrops preferentially along joint and fracture planes, and
from the walls of voids of variable sizes.
Powder samples for XRD and geochemical analyses were obtained using a low
speed dental drill assembly. Powder X-ray diffraction patterns were obtained at using a
Rigaku Ultima IV diffractometer. Mineral percentages were calculated from relative
intensities of X-ray diffraction lines. Duplicate analyses indicate a reproducibility of
±3%. Standard thin sections of 30 μm were used for petrographic analysis.
Carbon and oxygen isotope analyses were performed according to standard
procedure (McCrea 1950) at the University of Calgary. The results were reproducible
within ± 0.1 ‰ for δ18O and δ13C. The dolomite δ18O values were corrected by the –0.82
‰ phosphoric acid fractionation (Scharma and Clayton 1965). Samples of mixed calcitedolomite mineralogy were separated by standard differential acid digestion (1-3 hours for
calcite, 2-4 days for dolomite).
The isotope data are presented in graphic form further below. The mineralogic
and isotopic data can be obtained in tabulated form from the senior author upon request.
The caves were mapped using a tape or Disto® laser rangefinder and Sunto ®
compass. Field sketches were scanned and rectified using the cave mapping software
Compass ®. Cave dimensions were measured using the NIH freeware Image J. While the
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accuracy of these measurements relies on field sketches, this method allows for a rough
calculation of the aerial footprint of megascopic voids.
2.6

Results
The chalk outcrops at Gent’s Bay, Cove Bay, and Pico Tenerife are relatively

easily accessible and range in size from about 20 m to 40 m laterally and about 8 to 20 m
in height. At Conset Bay the chalk is exposed over more than 200m laterally and to a
height of 2-5m, and can be walked out at low tide. In contrast, the chalk is nearly
impossible to sample other than by rappelling at Corben’s Bay because the cliff is steep
and the sea very rough throughout the year.
Cove Bay is a nearly horseshoe-shaped embayment into the otherwise rather
straight eastern coastline, opening into the Atlantic Ocean. The north face of the bay
exposes chalk over a distance of about 80 m. This outcrop has been divided into East and
West based on a rocky spur that can be navigated only at low tide. Six caves large
enough to be mapped and many smaller voids were identified at Cove Bay West (Figure
2.3). The chalk around these caves and voids is partially dolomitized, with some samples
reaching nearly100% dolomite, the highest concentration of dolomite from any location.
The dolomite occurs in irregularly shaped domains of a few meters in size and are
unrecognizable visually. The only way to identify dolomite in the field is by sound of the
hammer and relative hardness compared to the adjacent, relatively soft calcitic chalk.
Smaller and entirely inconspicuous pods of dolomitization were also found at Gent’s Bay
but nowhere else in the chalk outcrops studied.
The caves are oriented along fractures that penetrate into the cliff, now forming
tabular conduits (Figure 2.3). The passages are widest about 3-4m above mean sea level,
30

suggesting that their width is controlled at least partially by sea level, while they taper in
both vertical directions (Figure 2.4). The caves penetrate up to 7 m into the cliff and have
dissolutional morphologies such as cuspate wall features, bedrock pillars, and possibly
feeder tubes (Figure 2.5). These features range in size from a few centimeters to several
meters.
Four caves large enough to be mapped are located at Cove Bay East. Three of
these are located in the current intertidal zone (Figure 2.6). Three of these caves have
small footprints (<4 m2) and penetrate into the cliff for a shorter distance (only 1-2
meters) compared to those at Cove Bay West. Dissolutional morphologies such as those
noted above are not present. The fourth cave is located approximately 50 meters to the
east of the previous features near the easternmost point of the bay. This cave, herein
named Chalk Water Cave, has a larger footprint than any of the others (~125 m2; Figure
2.7). This cave has two entrances, with its main passage trending parallel to the cliff.
Cuspate ceiling and wall morphologies are also present (Figure 2.8).
Another conspicuous feature at Cove Bay East are fractures that either dip steeply
at about 75 to 80 degrees or branch upward like the crowns of deciduous trees. These
fractures are widest near the base of the cliff, where they reach but a few cm in width,
and they narrow upwards without reaching the interface with the overlying Pleistocene
carbonates. Such fractures are developed above the caves (Figure 6A) and also 10-20m
away laterally, disassociated from any caves. Numerous small dissolutional voids occur
along these fractures (Figure 2.9A and B). Such fractures with associated minor
dissolution are also found at Gent’s Bay. In addition, some of the fractures at this location
are faults that display several decimeters of displacement (Figure 2.10A and B). At
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Conset Bay many of the fractures contain black bitumen that is either solidified or is
oozing out with a very high viscosity (Figure 2.11).
2.7

Mineralogy and thin section petrography
The mineralogy calculated from X-ray diffraction is presented in Table 2.1. The

mineralogical composition varies between 100% dolomite and 99% calcite, with most
samples containing both minerals in varying concentrations. No other minerals were
detected. The highest concentrations of dolomite occur at Cove Bay East, both samples
from walls of voids and well away from them. On basis of estimates from thin sections
and bulk samples, the higher concentrations of dolomites tend to occur in the vicinity of
fractures, be they joints or faults.
In thin sections, samples of limestone chalk are typical mudstones with abundant
microfossils (Figure 2.12A). The microfossils tend to be recognizable even in
dolomitized samples. In addition, narrow fractures are present, typically lined with
microsparitic dolomite cement crystals, sometimes containing residual dead oil present
and/or microsparitic calcite as a final cement (Figure 2.12B).
2.8

Stable isotopes
The δ13C values of dolomite and calcite samples combined from all locations vary

from +4.9 to -23.0 ‰ PDB and from +16.9 to -22.6 ‰ PDB, respectively (Figure 2.13A).
Cove Bay East has δ13C values ranging from +4.1 to -20.3 ‰ PDB for dolomite and +7.2
to -14.8 ‰ PDB for calcite, while the values for Cove Bay West has range from -18.7 to
-22.7 ‰ PDB for dolomite and from -13.6 to -22.6 ‰ PDB for calcite (Figure 2.13B).
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The dolomites in samples from Cove Bay West and Gent’s Bay are enriched in
δ18O and depleted in δ13C compared to dolomites formed from normal seawater at
ambient temperature. There are two theoretical possibilities for the enrichment in δ18O:
evaporation or cold(er) temperatures. The first can be ruled out given the geologic history
of Barbados. Using the temperature equation by Land (1983) and assuming that the
dolomitizing seawater was not changed with respect to the original δ18O value of zero ‰
SMOW, the highest δ18O values of about + 6 to +8 ‰ PDB yield a temperature range for
dolomitization of +4 to +10 oC (Machel et al., 2012). Considering further the depletion in
δ13C to about -25 ‰ PDB, the interpretation appears inevitable that the environment of
dolomitization was that of a cold seep, whereby the dolomitizing fluid was seawater
laden with methane that became oxidized to form the carbonate now bonded in the
dolomite. The single positive δ13C value we found in a dolomite sample from Cove Bay
East is thus explained as carbon dioxide that coexisted in isotopic equilibrium with
methane (e.g., Hudson 1977).
The stable isotope data of calcite in samples from Cove Bay East, Pico Teneriffe,
and Conset Bay are consistent with deposition of the chalk from relatively warm
seawater, in line with temperature estimates of chalk deposition elsewhere, most of which
fall into the range of 16-28 oC (Hattin 1979 and references therein). Using the
temperature equation of Friedman and O’Neil (1977) and assuming that Miocene
seawater had an original δ18O value of zero ‰ SMOW, the δ18O of our chalk samples
deemed least altered yield the exact same temperature range of about 16-28 oC.
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The stable isotope data of dolomite from samples collected from the ‘walls’ of
fractures at Cove Bay East and Gent’s Bay suggest that flow of diagenetic water carrying
methane occurred along these features (Figure 2.13C).
2.9

Discussion
Fluid injection from below happened and is happening in Barbados via the many

fractures, joints and faults alike, which are exposed in many outcrops across the island.
There are many active and dormant natural oil seeps, one of which at Conset Bay (Figure
11), that have been known for more than 200 years and from which bitumen was taken
for domestic and medicinal purposes (Schombourgh 1848). Solidified bitumen (locally
known as manjak) was mined in the early part of the 20th century (Senn 1944; Parnell et
al., 1993). There also was a well-known natural gas seep in the Scotland District called
‘Boiling Spring’, now covered and no longer active, where flammable gas bubbled up
and burned for many years at one time (Schombourgh, 1848). Thus, it is clear that
fractures of various types have served as fluid pathways from the deformed accretionary
prism to the surface, and that oil, gas and the associated aqueous fluids passed through
the chalk in many locations at various times.
Thermogenic methane from the Scotland Formation, oxidized relatively near to
the surface, thus is the obvious source of isotopically depleted δ13C values in the many
calcite and dolomite samples, whereas the few samples with unusually positive δ13C
values contain carbon from carbon dioxide that was associated with methane in isotopic
equilibrium. The ranges of isotopic values observed in the data reflect various ratios of
mixing between the marine ‘connate’ pore water in the chalk and the petroliferous fluids
that were injected from below. It appears that these injections resulted in formation of
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dolomite and/or calcite recrystallization in some places but not in others, as shown by
partial dolomitization and isotopically depleted calcite along some but not all fractures.
Notably, some of the larger dolomite domains found at Cove Bay East are not associated
with fractures. Thus, the injected fluids must have infiltrated the matrix of the chalk at
least in these locations, nourished from the adjacent or deeper-seated fractures.
Just like dolomitization, calcite dissolution to form macroscopic voids was
variable through space and probably time, as shown by the many localized elongate
dissolution voids in several locations (Figure 6). It is further noteworthy that these
particular solution-enlarged fractures are devoid of dolomite, which suggests that
dolomitization and dissolution are genetically unrelated, in that the fluids that ascended
via the fractures either formed dolomite or they were undersaturated for calcite and not
dolomitizing. Considering the prolonged uplift of the underlying accretionary prism,
which was punctuated by episodes of enhanced tectonic activity (e.g., Taylor and Mann
1991; Speed 2002; Radke and Schellmann 2006), it appears probable that fluid flow and
expulsion of fluids via joints and faults was episodic.
Continued uplift brought the chalk within reach of sea level and led to the
deposition of the Pleistocene reef deposits, Eventually the entire sequence became
exposed, accompanied by the formation of a freshwater-seawater mixing zone, which had
the potential for dissolution between about zero and 50% seawater and mainly near the
freshwater end member (Hardie, 1987; Machel and Mountjoy 1990; Machel and Burton,
1994). While the mixing zone permeated the Pleistocene carbonates through their
relatively high matrix porosity, the only notable porosity and permeability in the chalk is
in the fracture network. Thus dissolution in the chalk was restricted to the fractures by
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virtue of the intrinsically low matrix permeability of the chalk, no matter whether it was
dolomitized or not, as both these calcitic and dolomitic are nearly impermeable. Two
additional aspects favored dissolution in the fractures: (1) higher permeability from the
small, elongate voids that had formed earlier, and (2) dolomitization, which provided for
a mechanical contrast. The latter favored the formation of additional fractures during
continued uplift along limestone-dolostone interfaces, whereas the limestones, often
relatively poorly cemented and soft even today, tended to behave in a semi-ductile
manner. All these factors combined to facilitate enhanced dissolution at Cove Bay West.
The caves now present there along the fractures (Figures 2.4 and 2.5) thus are flank
margin caves, although of an unusual kind in that they were initiated by dissolution along
faults, and that they are located in chalk. On the other hand, their wall morphologies are
typical for flank margin caves elsewhere, especially where fractures create a 3-D
permeability typical of eogenetic limestones as demonstrated in New Zealand (Mylroie et
al., 2008). Subsequent cliff retreat exposed these caves and allowed for overprinting of
erosional mechanical forces.
The small caves of Cove Bay East found in the modern intertidal zone (Figure 6)
do not have morphological characteristics typical of flank margin caves. Rather, they
look like littoral caves (sea caves). We interpret these caves as having one of two possible
origins: hypogene dissolution as currently observed along many fractures subsequently
overprinted by mechanical and bioerosion near sea level, or entirely by mechanical and
bioerosion (pseudokarst).
The largest of the caves found near Cove Bay East has a different morphology
from all the other caves (Figures 7 and 8). Its dissolutional features and passage
36

morphology suggest that modern overprinting has had minimal impact. The largest cross
section of the passage is not located at the entrance (widest at the entrance is a hallmark
of littoral caves), also suggesting that little overprinting has occurred. The δ13C values
(+4.1 ‰ for dolomite and -0.2 ‰ for calcite) of wall rock from this passage shows both
dolomite and calcite components having a marine origin. The lack of 13C-depleted values
suggests that there was an absence of ascending fluid flow in the area of this particular
cave. We are interpreting this cave as a flank margin cave that developed along a fracture
network parallel to the cliff face. The cave has been breached from cliff retreat and is
presently in the process of being overprinted.
2.10 Conclusions
The data gathered in this study show that dolomitization and initial void formation
were driven by hypogenic processes, i.e., fluids injected from the accretionary prism into
the overlying chalk and Pleistocene reefal carbonates. Void formation turns out to have
happened independent from dolomitization, but dolomite, once formed, helped in
generating additional fluid pathways. Furthermore, hypogene fluid injection cannot
account for all of the dissolution, especially at Cove Bay, where epigene processes
overprinted the initial hypogene diagenesis. Some caves were overprinted by mechanical
and biological erosion and now are sea caves in the current intertidal zone. In addition,
there is at least one cave that may not have had a deep hypogene genetic component.
Barbados thus provides an unusual case of polygenetic void and cave formation,
driven by a succession and interplay of tectonic uplift, fracturing, hypogene fluid
injection, overprinting by mixing zone diagenesis and eventually mechanical and
bioloigcal erosion in the current literal zone. This complex history would most likely be
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undecipherable and would go undetected, if such a void and cave system were not
exposed and could be investigated only in the subsurface, be it by caving, seismic, well
log or core.
2.11 Tables and Figures

Table 2.1

Quantified mineralogy from samples.

Sample Location

# Samples

Mineralogy*

Average

Cove Bay (East)
13
<5% Dolomite
1.75% Dolomite
Cove Bay (West)
17
<100% Dolomite
70% Dolomite
Conset Bay
4
<25% Dolomite
10% Dolomite
Gent's Bay
10
25‐90% Dolomite
50% Dolomite
Pico Teneriffe
2
5% Dolomite
5% Dolomite
* Percentages determined from relative intensities of X-ray diffraction lines.
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Figure 2.1

Simplified tectonic overview map of the southeastern Caribbean.

Barbados is located on the accretionary prism between the Caribbean and the South
American plates. (Modified from Speed, 1990).
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Figure 2.2

Simplified geologic map of Barbados showing sampling sites.

Chalks of the Oceanics Group are not mappable at this scale. They are found as localized
outcrops or as parts of cliffs capped by Pleistocene limestones.
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Figure 2.3

Cave maps of the partially dolomitized outcrop at Cove Bay West.

These caves occur sporadically along the cliff face just above sea level.
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Figure 2.4

Outcrop view of Cove Bay West and hypogenic dissolutional voids.
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Figure 2.5

Photographs of dissolutional voids.

A) Dissolutional pockets in the ceiling of largest cave, B) Tubular, blind passage
pinching out with cuspate morphology along the right side of the photograph.
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Figure 2.6

Photographs of caves located at Cove Bay East.

The walls of these caves show no evidence of phreatic dissolution. Also, these caves have
a smaller footprint than those at Cove Bay West.
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Figure 2.7

Cave map of Chalk Water Cave.
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Figure 2.8

Photograph of part of Chalk Water Cave.

The morphology of the cailing suggests that these are dissolutional pockets.
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Figure 2.9

Photograph of voids developed along fractures.

Small oblong voids developed along fractures at Cove Bay East (A) and at Gent’s Bay
(B).
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Figure 2.10

Photographs of fractures within Barbados chalk.

Fractures and faults in chalk at Cove Bay East (A) and Gent’s Bay (B). Arrows in
Photograph B show displacement.
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Figure 2.11

Photograph of oil seeps at Conset Bay.

Oil can be seen seeping from joints within the chalk. Photo Credit: Joan Mylroie.
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Figure 2.12

Thin section photomicrograph of chalk.

A) Thin section photomicrograph of limestone chalk. Horizontal field of view = 1.4 mm.
B). The matrix is partially dolomitized. Note narrow crack across the center of the image,
partially lined with dead oil, which also occurs as a few blotches in the matrix nearby.
Horizontal field of view = 4.4 mm.
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Figure 2.13

Isotope plots from Barbados chalk.

A) Oxygen-Carbon isotope plot of all data from this study. B) Oxygen-Carbon isotope
plot of data from Cove Bay. C) Oxygen-Carbon isotope plot of data from fracture
networks at Cove Bay East and Gent’s Bay. See text for further explanation.
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CHAPTER III
MICROBIAL DOLOMITE FORMATION WITHIN THE SEROE DOMI FORMATION
OF CURACAO, LESSER ANTILLES

3.1

About this chapter
This chapter is a journal article that has been submitted for publication in

November 2012 to Geology. The authors are Jonathan B. Sumrall, Brenda L. Kirkland,
Erik B. Larson, and John E. Myrlroie.
3.2

Abstract
Outcrops of the Seroe Domi Formation on Curacao contain large quantities of

organic material and dolomite crystals within the porosity of the rock. A technique for
sectioning rock samples for transmission electron microscopy (TEM) analysis was
developed to examine the in situ relationship between organic material and dolomite.
Dolomite crystals grow from nucleation points within microbial films and sheaths. In
TEM, most dolomite crystals have dark cores, suggesting a microbial origin to the
dolomite crystals. Furthermore, TEM indicates microbial dolomite “dumbells”, which
have previously been documented only in laboratory experiments. Other microscopy and
geochemical methods demonstrate similar microbe-crystal relationships. This study
provides field evidence for the microbial nucleation and growth of dolomite, and it
documents the first in situ appearance of microbial dolomite “dumbells”.
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3.3

Introduction
The metabolic activities of microorganisms have been shown to significantly alter

the chemistry of their surroundings by exchanging ions with a solution, thereby
producing various by-products that can cause changes in pH or redox conditions, and
may chemically degrade minerals (Simkiss and Wilbur, 1989; Chafetz and Buczinski,
1992; Fortin et al., 1997; Sánchez-Navas et al., 1998; Leveille et al., 2000). Microbial
activity can create localized supersaturation conditions that may lead to precipitation of
carbonate minerals especially in oxic conditions (Casanova et al., 1999). In particular,
cyanobacteria photosynthesis has been shown to precipitate CaCO3 in both laboratory
experiments and natural environments (Dupraz et al., 2009). The extracellular polymeric
substances (EPS) and cellular walls have been suggested as being effective at binding
ionic species from solutions (Leveille et al., 2000) and are frequently cited as being the
sites of carbonate nucleation (e.g. Rivadeneyra et al., 1996; Dupraz et al., 2004).
The observed relationships shown in natural environments between microbial
cells and carbonate minerals suggest that microbes directly participate carbonates in the
nucleation processes (Vasconcelos et al., 1995; van Lith et al., 2003a; Sánchez-Román,
2006; Sánchez-Román et al., 2008). Evidence supporting microbial nucleation of
carbonates has been provided by laboratory experiments (Warthmann et al., 2000; Bosak
and Newman, 2003; Sánchez-Román et al., 2007; Bontognali et al., 2008; SánchezRomán et al., 2008). Microbial nucleation of carbonate minerals on cell material has been
hypothesized by Aloisi et al. (2006) to be the dominant mode of microbial carbonate
formation throughout the geologic record.
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There still remains a gap in the understanding of the role of microorganisms in the
precipitation of dolomite. Recent laboratory experiments have shown that microbes are
able to overcome kinetic barriers to facilitate precipitation of the carbonate mineral
dolomite [CaMg(CO3)2] (Vasconcelos et al., 1995; Warthmann et al., 2000; Roberts et
al., 2004; Wright and Wacey, 2005; Sánchez-Román, 2006; Sánchez-Román et al., 2008).
Several studies have proposed bacterial mediation for the formation of Ca-dolomite or
high Mg-calcite in microbial mats (Vasconcelos et al., 1995; van Lith et al., 2003a;
Visscher and Stolz, 2005; Wright and Wacey, 2005). Nucleation around bacterial cells
within EPS in modern dolomitic stromatolites has been attributed to the mineralization
process of sulfate-reducing bacteria (van Lith et al., 2003b).
This study presents the first field evidence of microbial dolomite “dumbbells”
resulting in dolomite precipitation and nucleation, which has only previously been
documented in controlled settings (Vasconcelos et al., 1995; Warthmann et al., 2000; van
Lith et al., 2003a; Vasconcelos et al., 2005; Sánchez-Román, 2006; Sánchez-Román et
al., 2008). Furthermore, this study reports results of active microbe communities within
pore spaces of carbonate rocks mediating the nucleation and formation of dolomite within
the Seroe Domi Formation on Curacao.
3.4

Materials and methods
Dolomitized limestone samples were collected along the southeastern coast of

Curacao at site NP1 (Figure 3.1). These detrital reef limestones were deposited as dipping
slopes, and dolomitization was hypothesized to be the result of mixing zone conditions
based on isotopic and trace element compositions (Beets, 1972; De Buisonje, 1974;
Fouke et al., 1996).
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3.4.1

Sample preparation and analyses
Transmission Electron Microscopy (TEM model JEOL JEM-100CXII) was used

to produce high-resolution images of samples. Rock samples were osmicated, then rinsed
with distilled water, incrementally dehydrated with acetone embedded with incremental
mixtures of acetone and Spurr’s Resin, and finally added to resin block molds and
allowed to cure at 70 °C overnight.
Thick sections (2m) and ultra thin sections (85 nm) were cut using an ultramicrotome (model Reichert Jung Ultracut E) equipped with a diamond knife. Ultra thin
sections sections were collected on a copper grid, allowed to dry, and then stained with
uranyl acetate for 20 min and with lead citrate for 5 min. A few sections were left
unstained as a control to determine if staining had resulted in precipitate formation on the
section and grid.
Scanning electron microscope (SEM) observations of fresh rock surfaces were
made using a Zeiss EVO-40XVP Environmental SEM equipped with an energy
dispersive spectrometer (EDS). Samples were carefully fractured to expose fresh, broken
surfaces, mounted on aluminum stubs using either hot glue or carbon tape, and Pt-coated.
Confocal microscopy (model Zeiss LSM-510) produced relatively lowmagnification images allowing materials in a sample to be distinguished by autofluorescence. Thick sections from the ultra microtome were stained with Rhodamine to
identify organic materials and scanned at maximum resolution at magnifications of 5, 10,
20, and 40x. A Fluorascein/Rhodamine/Transmission filter set was used in single channel
mode imaging. Excitation wavelengths of 488nm/543nm and Long Pass (LP) Emission
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wavelengths of 505nm (green) and 560nm (red) were acquired at 1024x1024 pixel
format.
Cathodoluminescence microscopy (CL-4 Cold-cathode Luminoscope attached to
a Leica DMLP microscope) with an accelerating voltage of 7000 eV was used to acquire
micrographs of mineral luminescence of petrographic thin sections.
A total of 25 samples were made into standard (27 mm x 46 mm) thin sections
with blue-dyed epoxy and no cover slips attached by Spectrum Petrographics, Inc.
(Vancouver, WA). Thin sections were stained with alizarin red-S to distinguish calcite
and dolomite (Dickson, 1966).
To identify the mineral composition, X-ray diffraction (XRD) patterns of powder
obtained using a low speed dental drill assembly were produced using a Rigaku Ultima
III diffractometer with Cu K radiation.
A sample from Site NP1 was sent to Research and Testing Laboratory (Lubbock,
TX). Research and Testing Laboratory performed bacterial DNA extraction for 16S
rRNA gene analysis, and bacterial diversity was determined using bacterial Tag-encoded
FLX amplicon pyrosequencing (bTEFAP).
3.5

Results
Petrographic microscopy shows high (up to 35%) clay content from the

weathering of basalt inclusions that luminesce blue under cathodoluminescence. The
weathering of basalt inclusions producing clay minerals would release Mg2+, Fe2+,3+, and
other cations into solution which may act as a Mg source for the formation of dolomite.
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Two generations of dolomite can be seen under cathodoluminescence: 1) a
luminescent matrix composed of zoned crystals, and 2) non-luminescent clear dolomite
crystals.
In petrographic thin sections, fabric-retentive microcrystalline dolomite is the
most common type of dolomite at site NP1. The fine grain size of these crystals makes it
difficult to distinguish dolomite crystals from calcite crystals in thin section without the
aid of staining. Euhedral, limpid dolomite spar commonly fills intraparticle porosity. This
non-luminescent dolomite appears around dolomitized grains and within and surrounding
clay clasts. Dolomite rhombs with cloudy centers and clear rims are also common.
Staining indicates that the centers of these rhombs are calcitic.
Microbial textures associated with dolomite crystals were documented under
microscopic analysis at multiple magnifications (Figure 3.2). SEM micrographs indicate
that all samples from NP1 contained organic textures with dolomite crystals appearing in
association with these textures (Figure 3.2A and B). Some dolomite crystals are coated
with non-crystalline materials that are interpreted as textures resulting from organic
compounds (Figure 3.3A). Other crystals exhibit blocky, irregular growth patterns
(Figure 3.3B). EDS and XRD confirm the presence of dolomite. Confocal analysis
documented the occurrence of crystals within a material that only fluoresces when stained
with Rhodamine.
TEM micrographs show microbial communities in the pore spaces of rock
samples and reveal large (20m) and small (400nm) dolomite crystals surrounded by
organic textures (Figure 3.2C and D). In addition, communities of cyanobacteria or
cyanophytes and other microbes were identified (Figure 3.4B). The cellular structures of
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these microbes can be seen in detail, and the cellular structures lack mineral precipitates
(Figure 3.4). Dark mineral precipitates are found surrounding the cellular structures in
most specimens (Figure 3.4A). The TEM investigation also found “dumbbells”
approximately 20 m in length and 5-8 m wide (Figure 3.5). These “dumbbells” are
identical in shape and size to “dumbbells” interpreted as being microbial in origin
forming in associated with sulfate reducing bacteria (Warthmann et al., 2000). Small
black crystals appear to be forming around the “dumbbell” (Figure 3.5).
DNA results indicate that Cyanophytes dominate the microbial community with
species of Symploca as the most abundant. Sulfate reducing bacteria
(Thermodesulforhabdus norvegicus and Desulfoomonile tiedjei) and sulfur reducing
bacteria (Desulfuromonas acetoxidans) are present in the sample. Multiple marine
species of Cyanobacteria, Bacteroidetes, and Proteobacteria are present (e.g. Microcoleus
chthonoplastes, Nodularia spumigena, Gracilimonas tropica, Gramella forsetii) as well
as freshwater Cyanobacteria species (e.g. Microcystis aeruginosa, Leptolyngbya
antartica, Microcystis viridis).
3.6

Discussion
The confocal results indicate that the crystals are located within a material stained

by Rhodamine, suggesting an organic origin (e.g dried biofilm and EPS). TEM results
show dolomite crystals are located within this biofilm and dried EPS, not precipitated in
the cellular structure of the microbes (Figure 3.4).
The texture of dolomite in petrographic thin sections and SEM micrographs
suggests that the dolomite at site NP1 formed as two separate generations. The first
generation of dolomite is the fine-crystalline, luminescent replacement dolomite that
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comprises the matrix of the rock. The second generation is the euhedral, limpid dolomite
spar interpreted to be direct dolomite precipitate associated with the clay clasts, around
dolomitized grains, and with organic material within pore spaces of the rock (the authors
avoid using the term “primary” dolomite due to possible chronological confusion). Both
generations of dolomite derived their Mg2+ from at least one of three sources: 1) basalt
clasts chemically broken down into clay; 2) seawater; 3) Mg-rich allochems. Firstgeneration dolomite crystals showed slight luminescent zoning suggesting formation in
mixing zone conditions, which agrees with the interpretation of previous studies (Fouke
et al., 1996). These results imply that the outcrop once contained a freshwater lens and
has Because been uplifted to its current position. It is possible that microbial reactions
within the mixing zone were involved in creating the geochemical environment that
promoted the first generation dolomitization.
The proposed origin of the second-generation dolomite is microbial precipitation
and nucleation within the pore spaces of the rock. These microbial dolomite crystals are
found in association with organic textures, cyanobacteria or cyanophytes, and possibly
sulfate reducing bacteria filling pore spaces of the rock (Figures 3.2, 3.3, and 3.4). The
lack of dolomite within the cellular structures of the cyanobacteria and other microbes
suggests that microbial nucleation begins within the EPS of the community, and crystal
growth continues in the geochemical environment facilitated by the microbial community
(Figure 3.4). Nucleation can be seen in the EPS surrounding the dolomite “dumbbell” as
small black crystals (Figure 3.5) that likely grow to become the well-shaped crystals seen
in SEM. In TEM nucleation points appear as crystals with dark cores (Figure 3.4C and
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D). Microbial films are preserved on some of the crystal faces seen in SEM (Figure
3.3B).
The similarity of the “dumbell” found in TEM to that reported by Warthmann et
al. (2000) confirms that laboratory experiments are excellent proxies for the processes
occurring in the field (Figure 3.5). In addition, this suggests that sulfate-reducing bacteria
are involved in the direct precipitation of dolomite in the Seroe Domi Formation. DNA
results confirm the presence of sulfate and sulfur reducing bacteria. This suggests that
Thermodesulforhabdus norvegicus, Desulfoomonile tiedjei, and/or Desulfuromonas
acetoxidans promote microbial precipitation of dolomite.
Dolomite precipitation is likely induced by microbial metabolic activities related
to several processes:
1. decomposition of organic material;
2. sulfate reduction of saline pore waters; and
3. weathering of basalt clasts inclusions.
The organic material encasing dolomite crystals seen in SEM and confocal
indicates that the decomposition of organics by microbial activity is the dominant source
of direct dolomite precipitation. The organic material originates from at least one of three
possible sources:
1. syndeposition with the rock;
2. collection at density interfaces (e.g. the halocline or water table of a
freshwater lens);
3. modern collection associated with percolation of meteoric and marine
water.
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Organics are likely derived from a modern source due to the presence of a
microbial community; however, it cannot be ruled out that organic collection and
dolomite precipitation may be related to the mixing zone that formed the replacement
dolomite. The halocline would be capable of providing the Mg2+ source, fluid flow, and
an organic collection interface for microbial communities to exploit, thereby overcoming
the barriers of dolomite precipitation.
3.7

Conclusions
In conclusion, the dolomite crystals in the rock from site NP1 of the Seroe Domi

Formation on Curacao are produced within the EPS of microbial communities in the
porosity of these rocks. These observations provide significant evidence of a modern
microbial signature in the rock record. Additionally, these observations provide evidence
of early dolomite precipitation in a natural setting, a process that has only been identified
in controlled settings of previous studies (Vasconcelos et al., 1995; Warthmann et al.,
2000; van Lith et al., 2003a; Vasconcelos et al., 2005; Sánchez-Román, 2006; SánchezRomán et al., 2008). DNA analysis indicates the presence of sulfate and sulfur reducing
bacteria species that may be involved in promoting the precipitation of these dolomites.
Furthermore, sectioning carbonate rock samples is an effective method of evaluating the
relationships between dolomite crystal formation and microbial communities.
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3.8

Figures

Figure 3.1

Outcrops of the Seroe Domi Formation on Curacao.
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Figure 3.2

Micrographs showing crystals growing from organic material.

B) SEM micrograph, zoomed in on the circle in (A), shows the organic material with
small (~1�m) crystals. C) TEM micrograph of dolomite crystals in association with
organic material. D) TEM micrograph of a small (~400nm) crystal showing a dark
organic core and surrounded by organic material.
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Figure 3.3

SEM micrograph showing crystals associated with organics..
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Figure 3.4

TEM micrograph showing microbial communities.
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Figure 3.5

TEM micrograph of a microbial dolomite “dumbell”.
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CHAPTER IV
DOLOMITE CAVES WITHIN THE SEROE DOMI FORMATION ON CURACAO,
NETHERLANDS ANTILLES

4.1

About this chapter
This chapter is a journal article that was submitted for publication to Acta

Carsologica. The authors are Jonathan B. Sumrall, Erik B. Larson, and John E. Myrlroie.
4.2

Abstract
Remnant caves formed within the dolomitized Seroe Domi Formation on Curacao

were documented in order to determine their origin. Petrographic thin sections and
geochemical analyses of samples from outcrops and cave wall rock agree with previous
interpretations of a mixing zone origin to the replacement dolomite. Further, stable
isotope analysis suggests migration of fluids from the underlying basalts along fracture
networks in the Seroe Domi Formation. Most of the caves represent remnant phreatic
caves based on morphology; however, a number of pseudokarst features were identified.
Minimum cliff retreat rates were estimated (5 mm/1000 yrs to 27 mm/1000 yrs) using
cave morphologies and elevations. Uplift rates (0.045 mm/yr) were estimated using
phreatic caves located at the basalt-carbonate contact coupled with the cave elevation and
timing of dolomitization. These remnant caves, many of which were previously
overlooked, have been used as indicators of diagenetic events within the Seroe Domi
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Formation and contain significant information when placed in the proper geologic
framework.
4.3

Introduction
Curacao (located at 12° 07’ N, 68° 56’ W) is a small (472 km2) carbonate island

located in the southern Caribbean approximately 80 km north of Venezuela (Figure 4.1).
The island is oblong in shape approximately 61 km long by 14 km wide. The landscape
of Curacao is relatively flat with horizontal or slightly dipping carbonate-capped slopes
(Beets, 1972).
Approximately 2/3 of the area of Curacao is composed of Cretaceous and Nanian
succession outcrops, while the remaining portions are mainly the Neogene and
Quaternery carbonates (De Buisonje, 1974). The geology of Curacao can be broken into
three main units (Figure 2): 1) Cretaceous and Danian Sequence, 2) Eocene limestones,
marls, sandstones, and clays, and 3) Carbonates of Neogene and Quaternary age (Beets,
1972; De Buisonje, 1974). The Neogene and Quaternary carbonates are broken into 5
main units: the Lower Terrace, Middle Terrace, Higher Terrace, Highest Terrace, and
Seroe Domi Formation (Beets, 1972; De Buisonje, 1974). The Cretaceous and Danian
Sequence is composed of basalts of the Curacao Lava Formation, volcaniclastic
sediments of the Knip Group, and turbidites of the Midden-Curacao Formation (Beets,
1972).
The Seroe Domi Formation is older than the carbonate terraces, but younger than
the Cretaceous and Danian. This formation is composed of limestone and dolomitized
limestone and is located mainly on the leeward side of the island as carbonate capped
slopes. Steep scarps, usually ranging from 10 to 15 m, form on the landward side of these
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slopes. The dipping slopes, usually between 5° and 25° were interpreted as not being a
result of upfolding, but rather a result of depositional slumping (De Buisonje, 1974). The
formation is detrital in nature, mainly composed of detritus of reef deposits (calcareous
algae and corals), with minor constituents of eroded non-carbonate clasts. Recently, the
dipping slopes were interpreted as being part of a larger compressional regime (Hippolyte
and Mann, 2011); however, based on fieldwork, this manuscript accredits the dip to
deposition.
The Seroe Domi Formation is broken into three parts: Older, Middle, and
Younger Seroe Domi Formation (Figure 4.2). The Older Seroe Domi Formation consists
of abundantly dolomitized limestone originally deposited in the Middle Miocene at
approximately 500 – 1000 meters below current sea level (~15 mya; Fouke et al., 1996).
The dominant allochem in this portion is coralline (red) algae. The Middle Seroe Domi
Formation is calcarenitic, rarely contains coral fragments, and is rich in fossil molluscs
and echinoids (De Buisonje, 1974). The Younger Seroe Domi Formation consists of
conglomerates composed of diabase clasts deposited during the Pliocene (~5 mya; Fouke
et al., 1996). In addition, Acropora cervicornis fragments are abundant. Both the Middle
and Younger Seroe Domi Formations contain moderately dolomitized limestone.
4.3.1

Dolomitization of the Seroe Domi Formation
The dolomitization of the Seroe Domi Formation occurred under mixing zone

conditions (Fouke et al., 1996). The primary evidence for the mixing zone model was
isotopic and trace element composition data that was interpreted as being consistent with
precipitation of dolomite from mixing seawater and freshwater. While the geochemical
data indicated that the dolomitzation mechanism was mixing of freshwater and seawater,
69

the updip stratiform distribution of some of the dolomite units (instead of a patchy,
lenticular, or pervasive bed cross-cutting distribution) implies that brine reflux
dolomitization also may have occurred (Fouke et al., 1996). The dolomite was divided
into three units based on the extent of dolomitization (Fouke et al., 1996). Dating by
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Sr/86Sr indicates the oldest dolomite to be Middle Miocene (~12 mya), and the youngest

dolomite to be Pliocene (~4 mya; Fouke et al., 1996). Recent work by Sumrall et al. (In
Review) on the Seroe Domi Formation of Curacao indicated direct dolomite precipitation
by active microbial communities in mixing zone conditions; however, this dolomite is not
related to cave and karst formation.
Caves are reported in the Seroe Domi Formation as having dome-shaped rooms
with floors consisting of older, underlying, non-carbonate formations, with some
accessed by openings in the ceiling (De Buisonje, 1974). Dolomitization resulted in
decreased permeability and an apparent relative lack of cave development within the
Seroe Domi Formation (De Buisonje, 1974). This paper offers further insight in to cave
development in the Seroe Domi Formation.
4.4

Methods
A total of 17 sites were sampled for thin section and geochemical analyses

(Figure 4.1). Samples were collected from completely and partially dolomitized outcrops
containing voids and from the walls/ceiling of representative voids. Voids were mapped
using a tape or Disto® laser rangefinder and Sunto ® compass.
A total of 22 rock samples were made into standard (27 mm x 46 mm) thin
sections with blue-dyed epoxy and no cover slips attached by Spectrum Petrographics,
Inc. (Vancouver, WA). Thin section porosity was calculated using a macro (jPOR) for the
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NIH software package ImageJ (Grove and Jerram, 2011). Statistical point counts (300
points) determined the accuracy of jPOR to be ±3%.
Thin sections were stained with alizarin red-S to distinguish calcite and dolomite.
Cathodoluminescence microscopy (CL-4 Cold-cathode Luminoscope attached to a Leica
DMLP microscope) with an accelerating voltage of 7000 eV was used to acquire
micrographs of mineral luminescence of the petrographic thin sections.
To identify the mineral composition, X-ray diffraction (XRD) patterns of powder
obtained using a low speed dental drill assembly were produced using a Rigaku Ultima
III diffractometer with Cu K radiation. Samples containing mixtures of dolomite and
calcite were leached with a weak acid (4% acetic acid) and analyzed until 100% dolomite
remained.
Powdered samples of dolomite were dried at 50°C for at least 24 hours and
reacted with 100% orthophosphoric acid (H3PO4) to release dry CO2 that was analyzed
using a gas-source mass spectrometer. Reproducibility for the δ13C and δ18O
measurements respectively is estimated to be +/- 0.1% (1σ) based on multiple NBS-19
standards and sample replicates. Stable isotopic analyses were performed at Alabama
Stable Isotope Laboratory (ASIL) Tuscaloosa, University of Alabama.
4.5

Results
A total of 19 remnant voids were mapped, and an additional 15 voids were photo-

documented. Remnant voids occurred in a number of settings including:
1. horizontal voids along the contact between the carbonate and basalt
diabase,
2. horizontal voids regardless of bedding orientation of the carbonate unit,
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3. voids oriented along dipping bedding surfaces of the carbonate unit,
4. voids associated fractures within the carbonate unit,
5. voids developed at the contact between basaltic diabase and brecciated
carbonate/igneous detritus at modern sea level, and
6. voids in exposed tufa/flowstone features.
Speleothems were found in both types of horizontal voids (Figure 3).
Voids were clustered at elevations of 80 meters, 60 meters, 45 meters, 20 meters,
15 meters, and 1 meter above sea level (Figure 4.4).
Voids that formed at the basalt-carbonate contact generally had undulating
ceilings and developed along fracture networks (Figure 4.5). These voids also had
abundant phreatic dissolutional features in the ceiling and wall morphology (Figure 4.6).
Voids that formed horizontally regardless of bedding also had undulating floors and
ceilings and phreatic dissolutional morphologies; however, these voids did not appear to
be associated with fracture networks. Voids that formed at modern sea level did not
contain dissolutional features or speleothems. Vertical voids associated with large
fractures within the carbonate unit differ from the horizontal voids that developed along
fracture networks at the basalt-carbonate contact. These fracture voids did not contain
dissolution morphologies, were vertically extensive, and lacked speleothems. One void
was found in a relic tufa/flowstone dam that enclosed the void when it formed (i.e. a
constructional cave). This void was later breached by erosion at the base of the dam.
Thin section porosity ranged between 2% and 47% with an average of 23.4%
(n=22). Outcrop samples generally had lower porosities than cave samples; however,
cave wall samples had higher porosities than cave ceiling and floor samples. Cave wall
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samples ranged in porosity from 12% to 46% with an average of 36.8% (n=6), while cave
ceiling and floor samples ranged in porosity from 2% to 22% with an average of 12.7%
(n=6).
The mineralogy of void samples was dominantly dolomite, with minor
constituents of secondary calcite void-filling cements. Carbonate thin sections were
dominantly dolomitized packstones and grainstones, with some samples containing
abundant clay clasts (Figure 4.7). Dolomitized packstones and grainstones appear to be
consistent with forereef slope deposition (Figure 4.8A).
Cathodoluminescence shows two types of dolomite based on luminescence. The
matrix of most samples is moderately to high luminescent, while small portions show
poor to moderate luminescence (Figure 4.8B). Dolomite cements show slight zoning with
darker cores and high luminescent rims.
The isotope values of this study are presented in Figure 4.9. The 13C values of
dolomite from the Seroe Domi Dolomite range from -17.6 to +0.9‰ and the 18O values
of dolomite range from -4.9 to +3.3‰.
4.6

Discussion
Differentiation of cave type is important to understand the process and timing of

cave formation, while also determining unknowns such as sea level position at the time of
formation. Differentiation of remnant voids is often difficult, and most geologists
commonly dismiss these features as erosional in nature with little or no scientific value.
The remnant voids within the Seroe Domi Formation on Curacao formed through a
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variety karst and pseudokarst processes. Void classification is broken down into five
groups:
1. Phreatic caves,
2. Erosional voids along dipping beds,
3. Sea caves,
4. Fracture caves;
5. Constructional caves.
Groups 2-5 are pseudokarst caves. Remnant phreatic caves were the most
abundant type of void documented within the Seroe Domi Formation (Figures 4.10 and
4.11). Many of these features were likely dismissed as erosional features by previous
authors (e.g. De Buisonje, 1974); however, due to the presence of speleothems,
undulating floors and ceilings, and phreatic dissolutional morphologies, these voids are
interpreted as remnant phreatic caves that later experienced vadose conditions (Figures
4.3, 4.5, 4.6). Because the largest width of most of these voids is the entrance width, large
portions of passages are interpreted to have been lost to cliff retreat. A similar
interpretation has been made for notches with undulating floor and ceiling patterns,
speleothems, and lack of marine sediments as breached dissolutional pockets and caves in
the Bahamas (Mylroie and Carew, 1991). The location, configuration, and morphology
of these remnant phreatic caves indicates that they are most likely flank margin caves,
formed in the distal margin of a freshwater lens (Mylroie and Mylroie, 2007).
The next most abundant type of void was pseudokarst produced by non-uniform
erosion of dipping strata (Figure 4.12). These voids followed the dipping beds, did not
have morphologies that indicated a dissolutional origin, and lacked speleothems (Figure
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4.12B). A sea cave was found at the contact between the Curacao Lava Formation and
the Seroe Domi Formation (Figure 4.13A and C). This cave lacked dissolutional features,
and the entrance was the widest point of the cave (Figure 4.13A). A vertically extensive
fracture cave was documented within the Seroe Domi Formation (Figure 4.13B, D, and
E). This cave was developed along a fracture, lacked dissolutional features, and had
extensive breakdown at the base of the fracture (Figure 4.13D and E).
Thin section analysis of cave wall, ceiling, and floor samples showed that the
highest porosities were found in remnant phreatic cave wall samples. The lowest wall
rock porosities were samples from erosional voids along dipping beds. Cave wall rock
thin section porosity may be related to the genetic mechanism of the void; however, more
research is needed to characterize this relationship. The dominant type of porosity found
in remnant phreatic caves thin section samples was touching-vug and moldic porosities.
Stable isotope results differ slightly from values of previous studies (Fouke et al.,
1996). A field of dolomite isotope values cluster around a marine signature (Figure
4.9A), which corresponds to two types of dolomite identified by Fouke et al. (1996).
Other isotope values follow a mixing trend between meteoric and marine end-members
(Figure 4.9B). The covariance of the isotopes agrees with interpretations of mixing zone
origin (Budd, 1997). Using 18O of seawater, calculated mixing ratios near 25% seawater
would produce dolomites with the observed isotopic signatures. A third field of dolomite
is present with a highly 13C-depleted (-14 to -18‰) signature (Figure 4.9C). This
dolomite possibly represents equilibration with fluids derived from weathering of basalts
or fluids rich in dissolved hydrocarbons such as methane. Because the Seroe Domi
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Formation lies stratigraphically on top of igneous rocks, it is likely that the signature is
related to weathering of this basement material.
4.6.1

Dolomite karst features
Phreatic cave remnants were found at elevations of 20, 45, and 80 meters above

modern sea level within the Seroe Domi Formation on Curacao. Because the dolomite
was produced in a mixing zone environment that requires subaerial exposure to produce a
freshwater lens, it is likely that the phreatic caves formed during the same exposure
event. Stable isotopes suggest that rising fluids from depth flowing along fracture
networks interacted with some of the carbonates producing a 13C-depleted signature
(Figure 4.9C). Phreatic caves at the basalt-carbonate contact formed along fractures that
penetrated into the overlying carbonates.
Uplift later produced vadose conditions within the caves, and crystalline
speleothems were deposited (Figure 4.3). Cliff retreat reduced the caves to the remnants
observed. Because the maximum width of any remnant is the entrance width, more than
half of the cave area has been lost to erosion. Assuming that these caves were originally
somewhat elliptical in shape (such as flank margin caves), the caves should have been at
least 50% larger, as demonstrated on Tinian island (Stafford et al., 2005). The last time a
mixing zone was present, as a minimum value, can be determined by using the elevation
of the cave and correlating to previous glacioeustatic sea-level highstands of +6 meters
(Table 1). Using this as the minimum age of cave formation, a cliff retreat rate can be
calculated for each cave (Table 4.2). The phreatic caves found within the Seroe Domi
Formation show minimum cliff retreat rates of approximately 5.6 mm/1000yrs up to
approximately 27 mm/1000yrs (Table 4.2). It must be noted that these rates are extremely
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conservative because the original cave size is unknown. The cliff retreat rate would be
much larger if the caves were large flank margin caves as seen on Isla de Mona, Puerto
Rico (Frank et al., 1998), and had formed during a period of sustained stability in the
freshwater lens position to create larger caves (Mylroie and Mylroie, 2007). An estimate
of the original size of the older voids can be determined by using the cliff retreat rate of
the younger caves (Table 4.3). Caves such as HH Cave that currently have an area of
approximately 223 m2 would have originally had a minimum area of approximately 1223
m2, as a result of a pre-Quaternary lens stability time of long duration. The cliff retreat
rate is reflected in the outcrop tendency of the Seroe Domi Formation. In general,
dolomite capped basalt hills control the topography of the western coast of Curacao, and
there are no significant basalt slopes in areas where the dolomite has been eroded away.
This observation indicates that the basalts erode faster than the dolomites.
In addition to calculating cliff retreat rates, phreatic caves can be used to estimate
uplift rates. A minimum uplift rate can be calculated by using the elevation of phreatic
caves located at the basalt-carbonate contact, which were interpreted as being deposited
at depths of 500 to 1000 meters below current sea level, and estimating the age of the
phreatic cave. Caves formed at the basalt-carbonate contact are generally found
approximately 20 meters above sea level today. This would give a minimum of 520
meters of uplift. Given that the mechanism of dolomitization and phreatic karstification
would require subaerial exposure, it can be assumed that the oldest dolomitization event
(~12 mya) produced the caves at this datum. This produces an uplift rate of ~0.045
mm/yr, which generally agrees with the accepted rate of 0.05 mm/yr (Herweijer and
Focke, 1978; Fouke et al., 1996). It is not likely that the caves located stratigraphically
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near the top of the dolomitized outcrops were originally at the top. Denudation would
have removed any carbonate overburden material and lowered the outcrop surface.
Denudation rates would have to be determined and the amount of material removed
would need to be calculated using this rate in order to use those caves as uplift indicators.
Additionally, it is unknown how much overburden material on top of the dolomitized
slope deposits was lost to denudation.
4.7

Conclusions
The remnant voids within the Seroe Domi Formation on Curacao suggest that

multiple void forming processes are represented. By using the methods employed by
previous studies and field observations, void identification and classification is possible.
Most of the voids likely represent remnant phreatic caves, probably of flank margin
origin, that have almost completely been removed by erosion. The presence of
dissolutional features, morphologies, and presence of speolethems suggests these caves
have a phreatic origin that later experienced vadose conditions. A number of strata-bound
erosional features with a dip uniform to the surrounding slope were documented. These
voids were determined to not have a dissolutional origin. These voids likely represent
preferential surficial erosion of a mechanically weak stratum bound by mechanically
resistant strata. Other pseudokarst features such as sea caves and fracture caves were
identified within the Seroe Domi Formation on Curacao. Successful interpretation of
karst cave development requires that they be differentiated from other pseudokarst cave
types.
Petrographic analyses indicate that cave wall thin sections had higher porosities
than cave ceiling, cave floor, and outcrop thin sections. The cave wall samples from
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surficial erosional voids were the lowest porosity values suggesting that cave wall
porosity may be able to differentiate void types. Therefore, phreatic dissolution appears
to be laterally concentrated (consistent with the lens margin dissolutional model),
producing higher cave wall porosity values while surficial erosion yields lower cave wall
porosity, possibly due to increased cementation. Stable isotope analysis suggests that
most of the dolomite formed in marine to mixing zone environments. One group of
samples from caves at the basalt-carbonate contact suggests fluid migration from the
underlying basalts.
Due to the amount of overprinting and erosion that has occurred, it is nearly
impossible to determine the relative timing of dolomitization and karst development
within the Seroe Domi Formation. Dolomitization and karst formation within the Seroe
Domi Formation likely resulted from mixing zone conditions produced by subaerial
exposure. Using the dolomitization age as a maximum age of phreatic cave development
and estimating the original size and shape of these caves allows minimum rates of cliff
retreat and uplift to be calculated. Given that the uplift rate determined by this
mechanism matches that determined by earlier workers using other means, indiates that
the assumptions we applied are likely correct.
In addition to documenting phreatic cave development within dolomite, these
remnant voids are useful in estimating post-speleogenetic events, even when more than
50% of the void has been destroyed. These remnant caves, many of which were
previously overlooked, have been used as indicators of diagenetic events within the Seroe
Domi Formation and contain significant information when placed in the proper geologic
framework.
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4.8

Figures and Tables

Table 4.1

Calculated cliff retreat rates.

Cave
HH Cave

Elevation
(m)
80

Length of
Cave Lost
(m)
8.9

Last time caves
were at +6m asl
(mya)
1.4

Calculated cliff
retreat rate
(mm/kyr)
6.36

Refine View
Cave

60

5.9

1

5.9

45

3.9

0.7

5.7

20
20

5.2
5.7

0.2
0.2

26
28.5

A Little Too Late
Cave
Manchineel
Cave
Dead Cow Cave

Table 4.2

Calculated areas of remnant caves.

Cave

Estimated
Length Lost (m)

Remnant
Area (m2)

Estimated Area (m2)

HH Cave

39.9

223

1123

Refine View Cave

28.5

27

157

A Little Too Late Cave

19.95

67

410

Manchineel Cave

5.2

35

70

Dead Cow Cave

5.7

115

230
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Figure 4.1

Location map showing sampling sites on Curacao.
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Figure 4.2

Generalized stratigraphic column of Curacao.
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Figure 4.3

Speleothems from remnant voids on Curacao.
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Figure 4.4

Plot of cave elevation by type.
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Figure 4.5

Basalt-carbonate contact at outcrop with voids.

A) Remnant voids had undulating ceilings, and voids do not follow lithologic contacts.
Vertical extent of photograph is 35 meters. Arrows point to typical voids. B) The contact
has an irregular weathering surface. C) Extensive fracture networks penetrating into the
overlying carbonate unit were associated with voids (arrows).
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Figure 4.6

Dissolutional pockets in cave ceiling and wall.

Circles are around a pocketknife approximately 6 centimeters in length.
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Figure 4.7

Thin section micrograph showing of sample.
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Figure 4.8

Mcrographs showing a dolomitzed grainstone.

Blue represents porosity filled by blue-dyed epoxy. B) Cathodoluminescence micrograph
of the same field as (A) showing two types of luminescence. Dolomite pore-filling
cements appear zoned. The red algae allochem in the top left corner of micrograph A
cannot be distinguished from the matrix by cathodoluminescence in B.
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Figure 4.9

Isotope plot of samples from Curacao.
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Figure 4.10

Map of Manchineel cave.
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Figure 4.11

Map of A Little Too Late Cave.
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Figure 4.12

Map of Kokomo Beach Cave.
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Figure 4.13

Maps of Breccia Sea Cave and Lonely Bat Fracture Cave.

C) Photograph within Breccia Sea Cave. D) Entrance to Lonely Bat Fracture Cave. E)
Photograph from within Lonely Bat Fracture Cave showing the vertical development and
breakdown.
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CHAPTER V
MICROBIAL MIXING ZONE DOLOMITIZATION AND KARST DEVELOPMENT
ON ISLA DE MONA, PUERTO RICO

5.1

About this chapter
This chapter is a journal article that has been submitted in November 2012 to

Carbonates and Evaporites. The authors are Jonathan B. Sumrall, John E. Mylroie, and
Patricia N. Kambesis.
5.2

Abstract
Modification of the mixing zone model to include microbial processes that

promote dolomitization explains many of the petrographic, isotopic, and outcrop
observations found on Isla de Mona. Large flank margin caves at the contact between the
Isla de Mona Dolomite and the capping Lirio Limestone formed during prolonged, likely
episodic, periods with a stable lens position. These periods would produce a stable
halocline. The halocline is hypothesized to be the zone of dolomitization in the microbial
mixing zone model. Collection of organics at the density interface of the halocline
coupled with sulfate reduction by sulfate-reducing bacteria would establish a
geochemical environment that promotes dolomitization of the precursor limestone. This
microbial community and geochemical environment would overcome the kinetic and
thermodynamic barriers associated with the previous mixing zone model.
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5.3

Introduction
Mixing zone dolomitization (also called Dorag Dolomitization; Badiozamani,

1973) has been discredited by several researchers (e.g. Hardie, 1987; Machel and
Mountjoy, 1990; Machel, 2004; Luczaj, 2006) on the basis of kinetics and
thermodynamics. However, the role of microbes has not been factored into these
arguments. Microbes may provide the geochemical environment needed to overcome the
kinetic and thermodynamic barriers of dolomitization.
The metabolic activities of microbes have been shown to significantly alter the
chemistry of their surroundings by exchanging ions with a solution, thereby producing
various by-products that can cause changes in pH or redox conditions, and may
chemically degrade minerals (Simkiss and Wilbur, 1989; Chafetz and Buczinski; Fortin
et al., 1997; Sánchez-Navas et al., 1998; Leveille et al., 2000). Microbial activity can
create localized supersaturation conditions that may lead to precipitation of carbonate
minerals (Casanova et al., 1999). The extracellular polymeric substances (EPS) and
cellular walls have been suggested as being effective at binding ionic species from
solutions (Leveille et al., 2000) and are frequently cited as being the sites of carbonate
nucleation (e.g. Rivadeneyra et al., 1996; Dupraz et al., 2004; Sánchez-Román et al.,
2007).
Recent laboratory experiments have shown that microbes are able to overcome
kinetic barriers to facilitate precipitation of the carbonate mineral dolomite
[CaMg(CO3)2] (Vasconcelos et al., 1995; Warthmann et al., 2000; Roberts et al., 2004;
Wright and Wacey, 2005; Sánchez-Román, 2006; Sánchez-Román et al., 2008). Several
studies have proposed bacterial mediation for the formation of Ca-dolomite or high Mg95

calcite in microbial mats (Vasconcelos et al., 1995; van Lith et al., 2003a; Visscher and
Stolz, 2005; Wright and Wacey, 2005). Nucleation around bacterial cells within EPS in
modern dolomitic stromatolites has been attributed to the mineralization process of
sulfate-reducing bacteria (van Lith et al., 2003b).
Collection of organics at density interfaces of the freshwater lens has been
hypothesized to lead to an increased dissolutional potential (Bottrell et al., 1991; Mylroie
and Mylroie, 2007). Decomposition of these organics leads to anoxic conditions resulting
in complex oxidation/reduction reactions, including sulfate reduction (Mylroie and
Balcerzak, 1992; Bottrell et al., 1993). Removal of sulfate by sulfate-reducing bacteria
has been shown in laboratory experiments to remove a kinetic barrier and promote
dolomite nucleation (Warthmann et al., 2000; van Lith et al., 2003b). If these microbial
communities exist within the carbonate rock, it is possible that the environment
promoting nucleation in laboratory conditions would result in replacement dolomitization
in a host rock.
Using data from Isla de Mona, this study hypothesizes that the halocline of the
freshwater lens would provide the Mg2+-source, fluid flow, and the environment to
support a microbial community capable of sulfate reduction for replacement
dolomitization. Furthermore, the extent of dolomitization depends on several factors: 1)
spatial and temporal stability of the freshwater lens; 2) glacioeustasy; and 3) tectonic
stability. This study also examines the relationship and timing between dolomitization
and karstification of the Isla de Mona Dolomite.
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5.3.1

Mixing zone dissolution
At the margin of the freshwater lens, dissolution is greatest due to three factors: 1)

convergence of the meteoric-lens and seawater-lens mixing zones; 2) discharge is
increased as the cross sectional area of the lens decreases; 3) organics that collect at
density contrasts (top and bottom of lens) are oxidized forming chemically aggressive
waters which superimpose at the lens margin; excessive organic loading can result in
anoxia and further complex geochemistry. This zone of enhanced dissolution occurs at
the flank of the enclosing landmass at the distal margin of the freshwater lens. The
resulting caves formed in this enhanced dissolutional zone are thus called flank margin
caves (Mylroie & Carew, 1990).
5.3.2

Geologic setting
Isla de Mona, Puerto Rico (18° 05' N, 67° 53' W) is a small (55 km2) carbonate

island located in the Mona Passage between Puerto Rico and Hispaniola, approximately
72 km west of Puerto Rico (Figure 5.1). The Mona Platform, on which Isla de Mona is
located, is a bathymetric high bounded by a northwest trending fault zone to the north
(Rodriguez et al., 1977). The island has been tectonically uplifted with cliffs as high as 90
m above sea level. Reef deposits between sea level and 6 m above sea level dating to the
last interglacial indicate that the Mona platform has been tectonically stable for the last
100,000 years (Frank et al 1998a).
The Caribbean Sea is bounded on the northwest margin by complex plate
boundary dominated by a strike-slip motion (Burke, 1988; Masson and Scanlon 1991).
The region is bounded to the north by the Puerto Rico Trench and to the south by the
Muertos Trench, both characterized by oblique underthrusting (Masson and Scanlon
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1991; Gonzalez et al., 1997). Isla de Mona and its small neighbor, Isla Monito, are part of
an upthrown structural block bounded by nearly vertical faults (Rodriguez et al 1977).
Rodriguez et al. (1977) suggested that normal faulting near Isla de Mona resulted in the
general tilting of the island to the southwest. For a complete tectonic history of the Puerto
Rico region, see Gonzalez et al. (1997) and Frank et al. (1998a).
The coastal plains of Isla de Mona consist of Late Quaternary to Holocene
carbonate sand deposits from the west side of the island (Playa Sardinera) south to Punta
Arenas (Figure 1). The coastal plain on the western side of the island is composed of
Pleistocene coral reef terraces covered by a thin layer of carbonate sand (Kaye 1959).
The Isla de Mona plateau is composed of two Neogene carbonate units, the Lirio
Limestone and Isla de Mona Dolomite, originally described by Kaye (1959) and later
redefined by Briggs and Seiders (1972). The Lirio Limestone is described as a cavernous,
thickly bedded, locally cross-bedded, chalky, fine-grained limestone (Ruiz et al., 1991;
Gonzalez et al., 1997). The Isla de Mona Dolomite is described as a thick to very thick,
locally cross-bedded, well-indurated finely crystalline calcitic-dolomite. The transition
from dolomite to limestone is usually observed as a gradual progression from pure
dolomite to limestone separated by large flank margin caves (Frank et al., 1998a, b).
5.3.3

Isla de Mona Dolomite
The dolomitization interpretation on Isla de Mona was derived from petrologic,

geochemical, and hydrologic data from previous studies (Ruiz 1993; Gonzalez et al.,
1997). The petrologic textures of the dolomite include: fabric-retentive microcrystalline;
euhedral, limpid dolomite spar; zoned dolomite rhombs; and zoned dolomite cements in
secondary porosity (Gonzalez et al., 1997). Dolomitization is attributed to the mixing
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zone model (Gonzalez et al., 1997). Broad ranges of oxygen and carbon stable isotopes
suggest that the bulk of the replacements textures were formed in meteoric-marine mixed
fluids (Gonzalez et al., 1997). Gonzalez et al. (1997) suggest that seawater mixing with
evaporation-concentrated freshwater could have been the source of the dolomitizing
fluid.
5.3.4

Geomorphic features
Isla de Mona is a relatively flat carbonate plateau, ranging in elevation of 20 m in

the southeast to 90 m in the northwest. Vertical sea cliffs bound the plateau on the north
and east sides and a coastal plain (low-lying and discontinuous) on the south and west
sides (Gonzalez et al., 1997). The surface of Isla de Mona is characterized by welldeveloped karst. Caves are more common and better developed in the Lirio Limestone;
however, in some cases, the cave floor extends down into the dolomite (Frank et al.,
1998b). There are few caves that are developed completely within the Isla de Mona
Dolomite, as well as a few caves that are developed completely within the Lirio
Limestone (Gonzalez et al., 1997; Frank et al., 1998b). However, at the contact between
the two units, large flank margin caves can be found (Figure 5.2).
Dissolution features are widely distributed across the plateau. Cylindrical
dissolution pits, frequently with bell-shaped bottoms, typically 10 meters deep and some
of them cut into the dolomite. In many areas, the bottom of these pits lie within the
gradual contact between the Isla de Mona Dolomite and the Lirio Limestone (Gonzalez et
al., 1997).
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5.3.5

Diagenetic history
The events that led to the exposure of the Oligocene-Miocene limestone belt in

nearby Puerto Rico led to the shallowing of the Mona Platform and the initiation of reefal
carbonate deposition (Gonzalez et al., 1997). The repeated late Miocene to early Pliocene
sea level oscillations resulted in episodic changes in diagenetic environments.
Dolomitized karst breccias and travertines in the lower portions of the Isla de Mona
Dolomite indicate that at least two exposure episodes occurred in the early stages of the
Mona Reef Complex (Gonzalez et al., 1997). In the late Miocene, a large drop in sea
level resulted in the exposure of the Mona Reef Complex (Gonzalez et al., 1997). The
absence of definite Pliocene fauna suggests that exposure lasted through much of the
Pliocene (Gonzalez et al., 1997). Strontium isotopes were used to determine the timing of
dolomitization as late Miocene. Figure 5.3 shows the complete diagenetic history of the
Isla de Mona Reef Complex in relation sea level (based on work of Gonzalez et al.,
1997).
5.4

Methods
Rock sampling and cave surveying was conducted in May 2011. Three locations

were selected based on the profiles of Gonzaelez et al., (1997) in order to place caves
within their petrographic framework. The three locations were Punta Capitán, Cuesta
Geña, and Punta Este (Figure 5.1). Additionally, pit caves located north of Cuesta Geña
were sampled.
Sample collection included bulk samples, large enough for thin sections and
geochemical analyses. Samples were collected from dolomitized outcrops containing
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caves and from the walls/ceiling of representative voids. Caves were mapped using a tape
or Disto® laser rangefinder and a Sunto ® compass.
Scanning electron microscope (SEM) observations of fresh rock surfaces were
made using a Zeiss EVO-40XVP Environmental SEM equipped with an energy
dispersive spectrometer (EDS). Samples were carefully fractured to expose fresh, broken
surfaces, mounted on aluminum stubs using either hot glue or carbon tape, and Pt-coated.
Cathodoluminescence microscopy (CL-4 Cold-cathode Luminoscope attached to
a Leica DMLP microscope) with an accelerating voltage of 7000 eV was used to acquire
micrographs of mineral luminescence of petrographic thin sections.
A total of 25 samples were made into standard (27 mm x 46 mm) thin sections
with blue-dyed epoxy and no cover slips attached by Spectrum Petrographics, Inc.
(Vancouver, WA). Thin sections were stained with alizarin red-S to distinguish calcite
and dolomite (Dickson, 1966).
To identify the mineral composition, X-ray diffraction (XRD) patterns of powder
obtained using a low speed dental drill assembly were produced using a Rigaku Ultima
III diffractometer with Cu K radiation.
For stable isotope analyses, samples of calcite and dolomite were dried at 50°C
for at least 24 hours and reacted with 100% orthophosphoric acid (H3PO4) to release dry
CO2 that was analyzed using a gas-source mass spectrometer. Reproducibility for the
δ13C and δ18O measurements respectively is estimated to be +/- 0.1% (1σ) based on
multiple NBS-19 standards and sample replicates. Stable isotopic analyses were
performed at Alabama Stable Isotope Laboratory (ASIL) Tuscaloosa, University of
Alabama. Corrections to 18O values for the difference in fractionation between the
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reaction of dolomite and calcite with acid were not made on these samples to be able to
compare with the uncorrected values of the previous study by Gonzalez et al. (1997).
Thin section porosity was calculated using a macro (jPOR) for the NIH software
package ImageJ (Grove and Jerram, 2011). Statistical point counts (300 points)
determined the accuracy of jPOR to be ±3%.
5.5

Results
In the petrographic thin sections, fabric-retentive microcrystalline dolomite is the

most common type of dolomite. The fine grain size of these crystals makes it difficult to
distinguish dolomite crystals from calcite crystals in thin section without the aid of
staining. Euhedral, limpid dolomite spar commonly fills porosity. This dolomite appears
around dolomitized grains and intraparticle porosity. Dolomite rhombs with cloudy
centers and clear rims are also common. Staining indicates that the centers of these
rhombs are calcitic (Figure 5.4).
Dull luminescence of replacement dolomite matrix is commonly observed. Nonluminescent dolomite overgrowths around dolomitized allochem fragments are present
towards to top of the Isla de Mona Dolomite. The euhedral, limpid dolomite spar filling
porosity is also non-luminescent. Cloudy-centered dolomite rhombs show a dull
luminescence, with the centers showing more luminescence than the rims (Figure 5.5).
Dolomite dissolution and dissolution of calcitic portions of dolomite rhombs is
abundant in all cave wall samples (Figure 5.6); however, this porosity is found in low
abundance or absent from cave ceiling, cave floor, and outcrop samples. Abundant
laminated cements within the vuggy porosity are common in outcrop samples. Thin
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section porosity of non-cave wall samples ranged from 1.2 to 9.7% (mean=5.2%), and
cave wall samples had a range in porosity from 25.2 to 49.4% (mean=25.2%).
SEM microscopy shows fabric retentive replacement dolomitization, retaining
microstructure of allochems down to the micron scale (Figure 5.7). Euhedral spar
varying from 100m to 10m in size is also documented filling porosity in SEM (Figure
5.8). Filamentous and drapery-like textures, commonly interpreted as microbial in origin,
can be seen in many of the SEM micrographs (Figure 5.9). SEM-EDS confirms the
presence of Mg-rich carbonate precipitates on pore-filling filaments (Figure 5.10).
The isotope values of this study are presented with the values from Gonzalez et al.
(1997) in Figure 5.11. The 13C values of dolomite from the Isla de Mona Dolomite
range from -1.7 to +3.3‰ and the uncorrected 18O values of dolomite range from +0.4
to +4.0‰. The 13C values of calcite from the Isla de Mona Dolomite range from -8.0 to
+3.4‰ and the 18O values of calcite range from -3.8 to +0.0‰.
A total of 12 caves were documented within the Isla de Mona Dolomite at the
three sites. Caves range in size from 10 m2 to ~100 m2 with vertical extents of 2 to 4
meters at Punta el Capitan and Cuesta Gena. Entrances are due to breach by cliff retreat.
The maximum width of the caves is typically not the entrance width, and the presence of
dissolutional morphologies, bedrock pillars, and low vertical extents suggests these caves
are flank margin in origin (Figures 5.12 and 5.13). At Punta Este, caves range in size
from 10 m2 to ~150 m2 with vertical extents up to 12 meters (Figure 5.14).
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5.6

Discussion
SEM and petrographic analyses suggest that many of the textures seen are

microbial in origin (Figures 5.9 and 5.10). Precipitation of Mg-rich carbonate crystals on
microbial filaments can be seen in SEM and confirmed by EDS (Figure 5.10). These
microbial reactions likely contribute to overcoming the kinetic and thermodynamic
barriers of dolomite replacement in mixing zone conditions.
Stable isotope results agree with values from previous studies (Gonzalez et al.,
1997). Furthermore, the isotope values from dolomite cluster mainly around a marine
signature, and the variance of dolomite isotopic values is smaller than in previous studies.
Also, the calcite isotope values follow a mixing trend between meteoric and marine endmembers. The covariance of the isotopes agrees with interpretations of mixing zone
origin (Budd, 1997). Using 18O of seawater, calculated mixing ratios greater than 75%
seawater would produce dolomites with the observed isotopic signatures. This implies
that mixing likely occurred at or near the halocline of the freshwater lens.
5.6.1

Microbial mixing zone dolomitization
Dolomite replacement is likely promoted by microbial metabolic activities related

to: 1) decomposition of organic material; and 2) sulfate reduction of saline waters. The
organic material associated within porosity and preserved on dolomite crystals seen in
SEM indicates that microbial activity is associated with replacement dolomitization. This
organic material likely originates from at least one of three possible sources: 1)
syndeposition with the rock; 2) collection at density interfaces (e.g. the halocline or water
table of a freshwater lens); 3) modern collection associated with percolation of meteoric
water. Organic collection and replacement dolomite may be related to the halocline
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between the freshwater lens and the underlying saltwater aquifer. The halocline would be
capable of providing the Mg2+ source, fluid flow, and an organic collection interface for
microbial communities to exploit, thereby overcoming the barriers of dolomitization
(Figure 5.15).
5.6.2

Isla de Mona flank margin caves
The size and position of the largest flank margin caves at the boundary between

the Isla de Mona Dolomite and the Lirio Limestone suggest that the freshwater lens was
either stable for a long period or separate glacioeustatic and tectonic uplift events resulted
in the freshwater lens occupying the same spatial location (Figure 5.16). The presence of
a freshwater lens for extended periods of time would form the large voids (Figures 5.2
and 5.16). Also, the halocline would also be stable for long enough periods of time to
result in the large volumes of replacement dolomite seen on Isla de Mona. Slow,
relatively constant uplift of the island would result in gradual dolomitization of the
underlying carbonate rock while forming small vertically connected flank margin caves
as seen at Punta Este (Figure 5.14). Smaller flank margin caves found in the Isla de Mona
dolomite represent isolated events of still-stand conditions that produce a brief stable lens
position (Figure 5.16). The majority of these caves are too small to survive the extensive
cliff retreat that Isla de Mona has experienced; however, the presence of these voids may
be an important indicator of the extent of cliff retreat.
The large volume of dolomite found on Isla de Mona is likely the cumulative
effect of glacioeustatic movement of the freshwater lens coupled with the diagenetic
progression of a self-organizing carbonate aquifer. Gradual uplift of the platform while
keeping sea level constant would produce a large volume of dolomite spatially similar to
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what is seen on Isla de Mona (Figure 5.16A). This progression would result in the oldest
dolomite positioned stratigraphically above younger dolomite. The thinning of the
freshwater lens as the aquifer self organizes would produce older dolomite
stratigraphically below younger dolomite (Figure 5.16B). Rapid glacioeustatic sea-level
fall could produce separate bands of dolomitization (Figure 5.16C); repeated sea-level
fluctuations could amalgamate these bands. The cumulative effect to produce large
volumes of dolomite would likely be a combination of the three scenarios in Figure 5.16,
as all three processes could have been working either separately or simultaneously.
5.6.3

Relative timing of dolomitization and dolomite karstification
The dolomitization model addresses the question of origin of the flank margin

caves at the contact between carbonate units proposed by Frank et al. (1998b). This
model suggests that the caves formed due to a prolonged period with a stable lens
position, which supports the hypothesis that the caves are a manifestation of the process
that created the difference in the carbonate units (Frank et al., 1998b). The flank margin
caves at the contact begin as dissolutional chambers associated with the distal margin of
the freshwater lens, while dolomitization occurs at the halocline. The resulting flank
margin cave and replacement dolomite forms simultaneously. As the island moves by
glacioeustasy or tectonic uplift, the freshwater lens and halocline remain near sea level.
Gradual movement of the island through the dolomitization zone would produce large
volumes of replacement dolomite. The smaller caves found within the Isla de Mona
dolomite represent transient lens positions within previously dolomitized zones. Flank
margin caves forming during highstand conditions lasting on the order of 3,000 to 10,000
years have been documented (Mylroie and Mylroie, 2007).
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5.7

Conclusions
The Isla de Mona Reef Complex provides an excellent example of well-exposed

outcrops of dolomitized limestone related to karstification. Karst is an excellent tool to
indicate platform exposure, constraining the environment of dolomitization both spatially
and temporally. Observations from Isla de Mona provide meaningful insights into the
diagenetic history of the Isla de Mona Reef Complex, such as:
1. Large flank margin caves located at the contact between the dolomite and
limestone represent extended periods of stable freshwater lens positions
2. Remnant flank margin caves found within the Isla de Mona Dolomite
represent episodic periods of a stable lens position resulting in dolomite
dissolution
3. Cave entrance morphologies suggest extensive cliff retreat (Frank et al.,
1998b)
4. Microbial textures of dolomite fabrics suggest that microbes played a role
in dolomite formation
5. Stable isotope results agree with previous studies and show isotopic
covariance between two end-members of mixing
6. Isotope covariance and calculations using 18O of seawater suggest mixing
zone origin with >75% seawater end-member
7. Cumulative effects of the moving spatial position of the dolomitization
zone would produce the large volumes of dolomite found on Isla de Mona.
The mixing zone dolomitization model has been criticized mainly on the basis of
kinetic and thermodynamic barriers; however, the presence of a microbial community
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that can overcome these barriers has not been considered. Conditions at the halocline of
the mixing zone would be favorable for sustaining an active microbial community using
organic material collecting at the density interface and sulfate from saline groundwater as
an energy source. Because sulfate-reducing bacteria have been shown to induce the
precipitation of dolomite in laboratory settings, a microbial community at the halocline
should be able to promote dolomitization. The microbial mixing zone model explains the
temporal and spatial relationship between the flank margin caves and the dolomite found
on Isla de Mona.
5.8

Figures

Figure 5.1

Geologic map of Isla de Mona.
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Figure 5.2

Cliff faces from around Isla de Mona.

A) Cliff at Punta Este below lighthouse for scale (cliff is approximately 20 meters). Note
the continuous cave entrances along the contact. B) Cliff at Lirio Cave near Punta Este.
C) Cliff looking east of Cabo Barrionuevo.
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Figure 5.3

Diagenetic history of Isla de Mona.

A) Sea level curve from the Oligocene to Pleistocene modified from Schlager (2005). B)
Geologic timing of diagenetic events of the Isla de Mona Reef Complex (data from
Gonzalez et al., 1997).
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Figure 5.4

Micrograph of Isla de Mona Dolomite.

Staining distinguishes dolomite (unstained) from calcite (pink). Some dolomite rhombs
have cloudy centers with clear rims. Blue represents porosity filled by blue-dyed epoxy.
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Figure 5.5

Micrographs from Isla de Mona samples.

B) Cathodoluminescence micrograph of the same field as A showing luminescent
replacement dolomite with individual zoned crystals. Zones of dolomitized micrite,
limpid dolomite filling porosity, and dolomite overgrowths are dull to non-luminescent.
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Figure 5.6

Micrograph showing abundant dissolutional textures.

Blue represents porosity filled by blue-dyed epoxy.
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Figure 5.7

SEM micrographs of a dolomitized allochem.

A) View of preserved structure of allochem. B) Zoomed in from white box in A to see
some dolomite crystals destroying microstructure, while the major portion of the
allochem microstructure is preserved. C) Zoomed in from white box in B to show the
preservation of the allochem tests down to the micron scale.
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Figure 5.8

SEM micrographs of euhedral, pore-filling dolomite.

A) Micrograph showing large 100μm dolomite crystals. B and C) Micrographs showing
10μm dolomite crystals.
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Figure 5.9

SEM micrographs microbial textures.

A) Micrograph showing microbial fabric draped over crystals. B) Micrograph showing
fibrous microbial aragonite precipitates. C) Micrograph showing dolomite precipitates on
filaments completely filling pore spaces.
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Figure 5.10

Micrographs and elemental maps.

A) Secondary electron image showing microbial filaments across a pore space. B)
Elemental map overlaid on top of secondary electron image showing relative Mg (red)
and Ca (green) concentrations. C) Elemental map without secondary electron image
showing relative abundance the same as B.
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Figure 5.11

Isotope plot of Isla de Mona samples.

Plot of carbon and oxygen stable isotope values of calcite and dolomite from Gonzalez et
al. (1997) and this study.
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Figure 5.12

Cave map of Cueva Peliagudo Subir.
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Figure 5.13

Cave map of Cueva Pluma Blanca.
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Figure 5.14

Cave map of Cueva Gothic.
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Figure 5.15

Microbial mixing zone model.

Collection of organics at the density interface located at the halocline coupled with
sulfate in seawater provides the energy source for microbial communities. These
microbial communities overcome the kinetic barriers to dolomite formation and promote
the precipitation of dolomite. Marine flux provides the Mg2+ source needed for
dolomitization. Flank margin speleogenesis occurs at the flank of the enclosing landmass
and the distal margin of the freshwater lens.
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Figure 5.16

Progression of the mixing zone model.

A) The uplift scenario holds sea level at a constant position while the island is gradually
uplifted. This moves the island through the mixing zone creating a large section of
dolomite. Short pauses result in flank margin cave development that may be lost to cliff
retreat. B) The lens thinning scenario holds sea level at a constant position with no uplift.
The self organizing characteristic of a carbonate aquifer through time results in the
thinning of the freshwater lens. As the lens thins, the dolomitization zone moves upward.
C) The sea level fall scenario holds the island at a constant elevation and moves sea
level..
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CHAPTER VI
CONCLUSIONS

6.1

Overview
The purpose of this dissertation was to examine young island dolomite and

determine the timing of karstification of dolomite on islands. Two types of island
dolomite were examined. On Barbados, dolomitization of chalks resulted from oxidation
of dissolved methane in seawater moving through fracture networks. The equilibration of
dolomite with methane-rich seawater produced a unique isotopic signature due to the 13Cdepleted nature of methane. On Curacao and Isla de Mona, dolomitization resulted from
microbial reactions in the halocline of mixing zones. In addition, dolomite precipitation
by microbial facilitation was found on Curacao.
The mixing zone dolomitization model was redefined in Chapter 6 to include
microbial reactions using field data from Isla de Mona and Curacao (Chapter 3).
Microbial communities found at the halocline of the mixing zone of a freshwater lens
would be capable of facilitating dolomite precipitation. The geochemical conditions for
dolomitization would exist at the halocline, with the addition of a microbial community
to overcome kinetic and thermodynamic barriers. This result helps to explain many
uncertainties about mixing zone dolomitization based solely on inorganic kinetics.
One of the next goals of this dissertation was to determine how large volumes of
dolomite with a mixing zone signature could be produced, as seen on Isla de Mona. The
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spatial distribution of Isla de Mona dolomite can be produced by using the microbial
mixing zone model of dolomitization coupled with glacioeustasy tectonics, and
freshwater lens maturation all of which alter the placement of the lens, extending the
vertical zone of dolomitzation..
The last goal was to examine karst formation within island dolomite on each
island of study. On Barbados, voids of a hypogene origin formed in chalk while
dolomitization was occurring by methane oxidation. Hydrocarbon-rich fluids dolomitized
fracture networks and produced mechanically resistant sections of chalk. Subaerial
exposure resulted in the formation of a freshwater lens contained completely within the
fracture porosity. Mixing zone dissolution enlarged the original voids along a stable
horizon related to freshwater lens position. Cliff retreat resulted in breaching of the cave
and overprinting by mechanical erosion. The polygenetic caves found within the chalks
on Barbados suggest that multiple processes, overprinting the previous process, produce
dolomite chalk karst.
On Isla de Mona, subaerial exposure led to the development of a freshwater lens.
The lens position wither remained at a constant horizon or experienced several events
that placed sea level and lens position at a constant horizon. This produced the large flank
margin caves found at the limestone/dolomite contact on Isla de Mona. The same mixing
zone that produced the dolomite at the halocline formed the large flank margin caves.
Over a long period of stable lens position, the freshwater lens thinned due to the selforganizing nature of carbonate aquifers. This thinning moved the basal mixing zone, with
its dolomization capability, upward through the carbonate section. In addition, the island
was gradually uplifted, which resulted in the island moving through the dolomitization
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zone. This gradual uplift, coupled with glacioeustasy and lens thinning, repeatedly
migrated the dolomitzation zone through the island’s carbonate section, and produced the
large volume of dolomite found on Isla de Mona. Small flank margin caves found located
within the Isla de Mona Dolomite section represent transient lens positions. During these
short periods of lens stability, these relatively small flank margin caves formed and were
later breached by cliff retreat. The sequence of events on Isla de Mona was simultaneous
formation of the large flank margin caves and the oldest replacement dolomite. Over
time, the caves and dolomite volume grew larger. Island uplift moved these caves above
the freshwater lens and halted dissolution of the large flank margin caves found at the
contact, and dolomitization continued as the island was gradually uplifted. Transient lens
positions resulted in flank margin caves forming within the Isla de Mona Dolomite. The
oldest caves and dolomite should be at the contact with the age progressively becoming
younger when moving stratigraphically lower in section.
On Curacao, small remnant caves were found in the dolomitized sections of the
Seroe Domi Formation. These remnant caves were classified based on the presence or
lack of dissolutional morphologies and speleothems. Karst and pseudokarst caves were
identified. Phreatic caves, which fit the criteria for flank margin caves, were the most
common type of remnant cave found within the Seroe Domi Formation on Curacao. The
exact timing of karst formation within the Seroe Domi Formation on Curacao cannot be
determined due to the highly degraded nature of the remnants. Estimates of uplift rates
and cliff retreat rates were calculated using the size and stratigraphic position of some of
the caves. The uplift rates so calculated match rates determined by earlier workers using
other methods. Most of these caves likely post-date dolomitization; however, some caves
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may have formed at the same time as the oldest replacement dolomite, as seen on Isla de
Mona.
6.2

Future Work
Research on Barbados on chalk dolomitization will be concluded after this

dissertation. Future research on Isla de Mona includes determining the age of
dolomitization moving down from the contact. Strontium dating of samples along a
vertical cliff profile would help determine the relative timing and test the hypothesis of
how the Isla de Mona dolomite became so voluminous, as presented in this dissertation.
In addition, a study of the pit caves on Isla de Mona will be done to determine if passage
morphologies of these vertical conduits are related to the differing petrographic
characteristics between the two carbonate units. Future research on Curacao will be
focused on the temporal distribution of microbial communities at several sampling sites,
including site NP1 (Chapter 3).
New work on Aruba and Bonaire will examine the Seroe Domi Formation on two
additional islands to investigate karst development on the dolomitized sections. In
addition, this project is planned to determine the denudation rate of dolomite of the Seroe
Domi Formation in order to better understand the diagenetic history of these carbonate
units. Petrographic samples from Aruba and Bonaire will investigate the presence of
microbial communities within the Seroe Domi Formation.
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APPENDIX A
CAVE MAPS FROM ISLANDS OF STUDY
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A.1

Cave maps from Barbados

Figure A.1

Cave map of Chalk Water Cave.
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Figure A.2

Cave map of caves found at Cove Bay West.

Figure A.3

Cave maps of Cove Bay Sea Caves found at Cove Bay East.
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A.2

Cave maps from Isla de Mona

Figure A.4

Cave map of Cueva Gothic.
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Figure A.5

Cave map of Cueva Pluma Blanca.
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Figure A.6

Cave map of Cueva Peliagudo Subir
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Figure A.7

Cave map of Cueva de Triffid.
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Figure A.8

Cave map of Cueva Dos Piscinas.
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Figure A.9

Cave map of Alter Cave.
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Figure A.10 Cave map of Dona Gena Dolomite Cave 1.
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Figure A.11 Cave map of Dona Gena Dolomite Cave 2.
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Figure A.12 Cave map of Dona Gena Dolomite Cave 3.

163

Figure A.13 Cave map of Spatchcock Cave.
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A.3

Cave maps from Curacao

Figure A.14 Cave map of A Little Too Late Cave.
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Figure A.15 Cave Map of Breccia Sea Cave.
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Figure A.16 Cave map of Dead Cow Cave.
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Figure A.17 Cave map of HH Cave.
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Figure A.18 Cave map of Kokomo Beach Cave.
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Figure A.19 Cave map of Lonely Bat Fracture Cave.
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Figure A.20 Cave Map of Manchineel Cave.
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Figure A.21 Cave map of Refine View Cave.
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APPENDIX B
GEOCHEMICAL DATA FROM ISLANDS OF STUDY
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B.1

Stable isotopes from Barbados

Table B.1

Stable isotope data from Barbados (Page 1 of 5).

Sample:

Yield

d13C cor

d18Ocor

A5 DOL

>100

-19.7

3.5

A6 DOL

>100

-19.5

2.9

A7 DOL

18

-20.4

3.9

A8B DOL

67

-20.0

4.1

A8C DOL

76

-22.4

4.3

A8D DOL

23

-18.7

3.5

A9 DOL

62

-19.0

3.0

AB1 DOL

33

-21.4

4.4

AB10 DOL

>100

-21.7

4.1

AB10 DOL DPL.

>100

-21.9

4.3

16

-23.0

4.4

1.8

N/A

N/A

AB4 DOL

30

-21.2

4.3

AB5 DOL

>100

-22.8

4.2

AB6 DOL

10.8

-22.4

4.5

6

N/A

N/A

AB9 DOL

32

-17.3

1.7

B1 DOL

19

0.0

-1.5

AB2 DOL
AB3 DOL

AB7 DOL

N.E.

N.E.
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Location
Cove Bay(NW)
Cove Bay(NW)
Cove Bay(NW)
Cove Bay(NW)
Cove Bay(NW)
Cove Bay(NW)
Cove Bay(NW)
Gent's Bay
Gent's Bay
Gent's Bay
Gent's Bay
Gent's Bay
Gent's Bay
Gent's Bay
Gent's Bay
Gent's Bay
Gent's Bay
Pico Teneriffe

Table B.2

Stable isotope data from Barbaodos (Page 2 of 5).

C1 DOL

12

4.1

0.1

C10 DOL

>100

-0.9

-3.1

C11 DOL

15

-0.9

-0.3

2.4

N/A

N/A

C12 DOL

26

-0.4

-1.8

C13 DOL

66

-1.4

-2.9

C2 DOL

9.5

-1.0

1.2

C3 DOL

31

-18.9

3.4

C4 DOL

11

N/A

N/A

C4 DOL

9.6

N/A

N/A

C11 DOL

N.E.

C5 DOL

N.E.

7.5

N/A

N/A

C5 DOL

N.E.

5

N/A

N/A

11

-16.9

2.1

N/A

N/A

C6 DOL
C7 DOL

N.E.

6

C7 DOL

N.E.

3.5

N/A

N/A

C8 DOL

13

-20.3

3.2

C9 DOL

11

-10.5

-3.6

CB11 DOL

12.8

4.9

1.1

CB12 DOL

16

1.6

-2.2

CB13 DOL

26

-14.2

-4.9
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Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Conset Bay
Conset Bay
Conset Bay

Table B.3

Stable isotope data from Barbados (Page 3 of 5).

A8C CAL

78

-22.6

2.5

A8D CAL

>100

-16.3

0.0

A9 CAL

>100

-13.6

0.5

AB1 CAL

37

-13.3

2.1

AB10 CAL

>100

-9.8

-1.8

AB10 CAL DPL

>100

-9.9

-2.0

AB2 CAL

26

-4.6

-0.2

3.5

N/A

N/A

AB4 CAL

72

-6.7

0.1

AB5 CAL

7.5

-11.3

1.2

AB3 CAL

N.E.

AB6 CAL

N.E.

4

N/A

N/A

AB7 CAL

N.E.

8

N/A

N/A

>100

-10.1

-4.0

B1 CAL

56

0.7

-1.0

C1 CAL

>100

7.3

0.5

C10 CAL

>100

-0.2

-3.1

C11 CAL

>100

-1.0

-2.4

C11 CAL

>100

-0.3

-0.8

C12 CAL

96

-0.1

-1.7

C13 CAL

>100

-0.5

-3.2

AB9 CAL
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Cove Bay(NW)
Cove Bay(NW)
Cove Bay(NW)
Gent's Bay
Gent's Bay
Gent's Bay
Gent's Bay
Gent's Bay
Gent's Bay
Gent's Bay
Gent's Bay
Gent's Bay
Gent's Bay
Pico Teneriffe
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)

Table B.4

Stable isotope data from Barbados (Page 4 of 5).

C2 CAL

>100

-3.7

-0.9

C3 CAL

>100

-14.8

0.4

C4 CAL

>100

6.9

1.4

C4 CAL

>100

N/A

N/A

C4 CAL

N/A

N/A

N/A

C5 CAL

>100

N/A

N/A

C5 CAL

>100

7.2

0.2

C6 CAL

>100

-17.1

0.7

C7 CAL

>100

N/A

N/A

C7 CAL

>100

0.5

-0.3

C7 CAL

N/A

0.1

-0.1

C8 CAL

29

-4.6

-2.4

C9 CAL

>100

-10.2

-4.4

CB11 CAL

>100

1.4

-0.6

CB12 CAL

>100

-8.2

-4.1

CB13 CAL

>100

-8.9

-3.8

CB14 CAL

>100

1.7

-1.0

0.4

N/A

N/A

CUL CAL

>100

-8.7

-4.3

CUL CAL

>100

-9.0

-2.5

CB15 CAL

N.E.
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Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Cove Bay (NE)
Conset Bay
Conset Bay
Conset Bay
Conset Bay
Conset Bay
Culpepper
Island
Culpepper
Island

Table B.5

Stable isotope data from Barbados (Page 5 of 5).

GGC1 CAL

>100

-9.3

-5.3

GGC2 CAL

>100

-11.3

-4.8

GGC3 CAL

>100

-14.2

-4.5

GGC4 CAL

>100

-4.9

-3.6

GGC5 CAL

>100

-8.3

-4.3

Z1 CAL

>100

-2.8

-0.2

Z1A CAL

>100

-11.5

-0.2

Z2 CAL

>100

-12.0

3.9

Z4 CAL

>100

16.9

8.2

Z7A CAL

>100

0.4

-0.1

Z8A CAL

>100

-0.1

-0.7

42

-7.3

-1.3

Z9 CAL
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GG Cave
GG Cave
GG Cave
GG Cave
GG Cave
Cove Bay(NW)
Cove Bay(NW)
Cove Bay(NW)
Cove Bay(NW)
Cove Bay(NW)
Cove Bay(NW)
Cove Bay(NW)

Table B.6

Results from XRD of samples from Barbados.
Sample
a1
a3
a5
a6
a7
a8a
a8c
a8d
a9
a10
ab2
ab4
ab5
ab9
ab10
b1
c1
c2
c3
c5
c6
c7

Dolomite
%
60
90
90
90
75
50
40
60
50
60
30
35
90
15
40
5
1
1
1
1
1
1

Sample
c8
c9
c10
c11
c12
c13
cb11
cb12
cb13
cb14
cul
ggc1
ggc2
ggc3
gg4
ggc5
z1
z1a
z4
z7a
z8a
z9
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Dolomite
%
1
1
10
1
1
1
1
5
25
10
1
1
5
1
5
1
20
40
90
30
10
25

B.2

Geochemical data from Isla de Mona

Table B.7

DG6
C9
DG12
DG13
DG15
DG14
DG7B
A
DG7
DG11
102
103
104
106
DG3
DG8B
C1
C3
C5
C6
C10
C11
C13

Stable isotope and XRD results of samples from Isla de Mona.

13C
(‰ VPDB)
-3.6
-4.2
-1.9
-1.8
-1.9
-2.4
1.2
-5.6
-8.0
1.5
-0.5
1.7
1.9
-1.7
1.5
3.0
2.9
2.7
2.9
3.1
2.9
3.3

18O
(‰ VPDB)
-2.4
-0.7
0.9
1.1
1.2
0.5
3.4
-2.6
-3.8
2.3
0.4
3.0
2.6
2.1
3.3
4.0
4.0
3.9
3.8
3.9
3.5
4.0
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MINERALOGY
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE

B.3

Geochemical data from Curacao

Table B.8

Stable isotope data of samples from Curacao
Sample
MSU-1004
MSU-1006
A
MSU-1006B
MSU-1007
A
MSU-1007B
MSU-1008
MSU-1009
MSU-1012
MSU-1018
MSU-1025
MSU-1030
MSU-1032
MSU-1035
MSU-1036
A
MSU-1036B
MSU-1038
MSU-1039
MSU-1040
MSU-1041
MSU-1042
MSU-1044
MSU-1047
MSU-1048
MSU-1052
MSU-1055

13C (‰
VPDB)
0.9
0.1
-0.4
0.1
-0.8
-0.9
-6.5
0.6
-6.6
-12.2
-11.3
-4.4
-5.3
-6.5
-8.5
-17.6
-14.7
-5.5
-5.5
-6.7
-6.0
-5.2
-5.6
-3.0
-7.3
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18O (‰
VPDB)
3.3
3.2
3.1
3.0
3.0
2.7
-2.4
3.0
-2.9
-2.8
-4.0
-0.4
-3.5
-3.6
-4.9
3.1
2.4
-2.8
-3.2
-3.1
-3.3
-1.7
-3.0
-3.1
-3.9
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RAW FIELD NOTES
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C.1

Raw notes from Barbados

Figure C.1

Raw field notes from Barbados (Page 1 of 12).
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Figure C.2

Raw field notes from Barbados (Page 2 of 12).
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Figure C.3

Raw field notes from Barbados (Page 3 of 12).
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Figure C.4

Raw field notes from Barbados (Page 4 of 12).
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Figure C.5

Raw field notes from Barbados (Page 5 of 12).
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Figure C.6

Raw field notes from Barbados (Page 6 of 12).
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Figure C.7

Raw field notes from Barbados (Page 7 of 12).
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Figure C.8

Raw field notes from Barbados (Page 8 of 12).
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Figure C.9

Raw field notes from Barbados (Page 9 of 12).
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Figure C.10 Raw field notes from Barbados (Page 10 of 12).
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Figure C.11 Raw field notes from Barbados (Page 11 of 12).
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Figure C.12 Raw field notes from Barbados (Page 12 of 12)

194

C.2

Raw notes from Isla de Mona

Figure C.13 Raw field notes from Isla de Mona (Page 1 of 12).
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Figure C.14 Raw field notes from Isla de Mona (Page 2 of 12).

Figure C.15 Raw field notes from Isla de Mona (Page 3 of 12).
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Figure C.16 Raw field notes from Isla de Mona (Page 4 of 12).

197

Figure C.17 Raw field notes from Isla de Mona (Page 5 of 12).
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Figure C.18 Raw field notes from Isla de Mona (Page 6 of 12).
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Figure C.19 Raw field notes from Isla de Mona (Page 7 of 12).
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Figure C.20 Raw field notes from Isla de Mona (Page 8 of 12).
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Figure C.21 Raw field notes from Isla de Mona (Page 9 of 12).
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Figure C.22 Raw field notes from Isla de Mona (Page 10 of 12).
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Figure C.23 Raw field notes from Isla de Mona (Page 11 of 12).
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Figure C.24 Raw field notes from Isla de Mona (Page 12 of 12).
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C.3

Raw notes from Curacao.

Figure C.25 Raw notes from Curacao (Page 1 of 20).
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Figure C.26 Raw notes from Curacao (Page 2 of 20).
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Figure C.27 Raw notes from Curacao (Page 3 of 20).
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Figure C.28 Raw notes from Curacao (Page 4 of 20).
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Figure C.29 Raw notes from Curacao (Page 5 of 20).
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Figure C.30 Raw notes from Curacao (Page 6 of 20).
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Figure C.31 Raw notes from Curacao (Page 7 of 20).
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Figure C.32 Raw notes from Curacao (Page 8 of 20).
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Figure C.33 Raw notes from Curacao (Page 9 of 20).
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Figure C.34 Raw notes from Curacao (Page 10 of 20).
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Figure C.35 Raw notes from Curacao (Page 11 of 20).
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Figure C.36 Raw notes from Curacao (Page 12 of 20).
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Figure C.37 Raw notes from Curacao (Page 13 of 20).
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Figure C.38 Raw notes from Curacao (Page 14 of 20).
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Figure C.39 Raw notes from Curacao (Page 15 of 20).
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Figure C.40 Raw notes from Curacao (Page 16 of 20).
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Figure C.41 Raw notes from Curacao (Page 17 of 20).
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Figure C.42 Raw notes from Curacao (Page 18 of 20).
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Figure C.43 Raw notes from Curacao (Page 19 of 20).
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Figure C.44 Raw notes from Curacao (Page 20 of 20).
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